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PREFACE 


The present v^olurno is a thoroughly revised and largely lewritteii 
version of the previous edition of a work which was published 
originally in 1920. It is the second volume of a series of three, of which 
the first, dealitig with the ferrous metals, was published in its latest 
revised form ri^cently. The third volume covers the theory and testing 
of engiiu‘ering matcTials, 

The book is intended, primarily, for the engineer, designer, 
draughtsman, and others concerned with the selection and application 
of non-ferrous metals and certain organic materials used in engineering, 
e.g. plastics, artificial and natural rubbers, abrasives, ceramics, etc. 
It is intended as a us(*ful guide and reference work both to the user 
of mat(*rials and to the student. 

In the pret)aintion of this edition the needs of the aircraft and 
automobile engiiK'er have been given priority of consideration, but the 
more im[>ortJint r(‘quirements of the mechanical, constructional, and 
(^IcMjtrieal engineer have also been considered. 

In the pr(\st‘nt treatment no attempt has been made to give any- 
thing hut a bare outline of the metallurgical and metal lographical 
sides of the subjecit, since the book is intended for the engineering 
user who is concerned more with the mechanical and physical proper- 
ties of materials and their practical applications. 

Ill view of the incTcasiiig importance, in aircraft, automobile, and 
many other fields of light engineering, of the applications of strong 
light Jilloys, these metals have been given special attention and promin- 
(>nc(‘ in tlio jireseiit work. The more recent developments in connection 
with the us(5 of plastics, plastic -bonded plywoods, and sjmthetic rubbers 
for various engineering purposes are also dealt with as fully as space 
i;onsid(‘rations would allow. 

In conclusion, the writer would like to record his appreciation of 
the assistance that lias been generously accorded in the preparation 
of this volume bj^ various firms, institutions, and individuals ; in par- 
ticular to The British Aluminium Company, Northern Aluminium 
Company, Copper Development Association, Mond Nickel Company, 
Messrs. F. A. Hughes, Ltd., High Duty Alloys, Ltd., Bakelito, Ltd., 
Th(^ Rubber Growers’ Association, Ltd., International Tin Research 
and Development Council, Dr. W. H. Hatfield, and Dr. L. Aitchison. 

A. W. JUDGE. 


Farnham, Surrey, 

1943. 
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OHAPTER I 

THE EON-FEBROHS METALS ADD THEHt ALLOYS 

Thkke is a wide range of non-ferrous metals employed for engineering 
purj)oses but, although the pure metals are occasionally used for 
certain applications, it is the alloys of these which have become of 
much greater importance in recent times, so that the greater part of 
the pres(‘?it volume is devoted to some general considerations of these 
alloys and their applications. 

The physical and mechanical properties of the principal metals 
with which tlie engineer is concerned are given in Tables 1 and 2, and 

TABLE 1 


Physical Properties of Metals 


Metal 

Atomic 

Weight 

O - 16 

Siieciflc 

Gravity 

W’eight 
per cub. in. 

Molting 

Point 

C. 

Thermal 
Conduc- 
tivity 
Cal. per 
cm.* 
per .sec. 

Specific 
Heat 
('al. per 
gm. per 
^C. 

Aluminium (H.I). wire) 

27- 1 

2 703 

0-0975 

658-7 

0-504 

0-214 

Antimony . 

12l)-2 

6-71 

0-242 

630 

0-044 

0-051 

Bismuth 

21)8 

9-9 

0 357 

269 

0-019 

0-031 

Cadmium 

112-4 

8-65 

. 0-311 

321 

0-222 

0-057 

Cobalt 

Tis-y? 

8-6 

0 310 

1490 

— 

0-107 

Copper (H.I). wire) 

63 0 

8-89 

0-320 

1083 

0-S9 

0-097 

Gold (wrouKht) . 

197-2 

19-4 

0-700 

1063 

0-70 

0-032 

Iron (east) . 

-- 

: 1 

7 22 
(av.) 

0-260 

i 

1375 

0-161 

0-125 

Iron (wrouglit) 

5rr84 ! 

7-70 

(av.) ! 

0278 i 

1550 

; (av.) 1 

0-144 

0-114 

Lead .... 

207-2 1 

i 11*4 i 

0-411 1 

1 327 

1 0-083 

0-031 

Magnesium . 

24-32 

1-74 

0-0627 1 

651 

0-376 i 

1 0-250 

Mercury 

200-6 i 

[ L3-59 1 

0-490 

38-7 

! 0-0197 

i 0-033 

JJickel 

58-68 

8-85 1 

0-312 

1452 

: 0142 ; 

i 0-109 . 

Palladium . 

106-7 

' 11-4 

0 411 

1549 

; 0-168 

! 0-052 

Platinum (wrought) 

195-2 

1 22-1 i 

0-797 

1 755 

0-166 i 

i 0032 

Silver (wrought) . 

107-88 1 

10-5 

0-378 

961 i 

1-006 i 

0056 

Steel (wire) . 

— 

7-84 

0-282 

13r>0 
(av.) j 

0-115 

0-117 

Tantalum (wire) . 

181-5 

16 6 

0-598 

2850 1 

i — ; 

0-036 

Tin (cast) 

118-7 

7-29 

0-263 

232 i 

0-155 i 

0-064 

Tungsten (wire) . 

184 

19-1 

0-689 

3000 j 

i 1 

0-033 

Zinc (sheet) 

65-37 

7-19 

0 259 

419 

0-265 

0-092 


(Briti.sli Aluniiiiiuiii Cu.J 
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TABLE 2 

Mechanical and Electrical Properties of 
Metals 


Metal 

Coefficient 
of Linear 
Expansion 
per °C. 

Modulus of 
Elasticity 

lb. per sq. in. 

Tensile 

Strength 

Ib. per sq. 
in. 

Specific 
Resistance 
at 20° C. in 
microhms 
per cm.* 

Coefficient 
of Increase 
of Resis- 
tance 
per °C. 

Elec.-Chem. 
Equivalent 
gm. per 
amp. hr. 
and Change 
of Valency 

Aluminium 
(H.D. wire) 

23 

X 10 • 

9-9 

X 

10* 

23,000 to 

2-85 

0-00407 

0-3369 


Antimony 

10-80 

X 10 • 

_ 

_ 


33,000 

40-50 

0-0038^ 

0-896 

(5) 

Bismuth 

13-90 X 10 • 

4-63 

X 

10* 

— 

U9-0 

0-0042 

2-586 

(3) 

Cadmium 

30 60 

X 10-‘ 

7-24 

X 

10‘ 

— 

7-54 

0-0040 

2-096 

(2) 

Cobalt . 

12-30 

X 10-‘ 

_ 

~ 


— 

9-71 

0-0033 

MOO 

(2) 

Copper 

(H.D. wire) 
Gold . 

16-60 

X 10 • 

18 

X 

10* 

55,000 to 

1-77 

0-003999 

1-186 

(2) 

13 90 

X 10'« 

11-58 

y 

10* 

63.000 

20.000 to 

2-42 

00040 

2-451 

(3) 

Iron (cast) 

1M3 

X lO* 

16 

X 

10» 

30,000 

19,i>()0 

9 to 15 

0-0062 



Iron (wrt.) 

11-9 

X 10 • 

30 

X 

10“ 

65.000 

10 to 11 

0-0062 

0-695 

(3) 

Lead . 

28-4 

X 10 • 

0-72 

X 

10“ 

1,500 to 

20-8 

0-0043 

3-858 

(2) 

Magnesium . 

25-9 

X 10-* 

3 5 

X 

10“ 

3,000 
20,000 to 

4-35 

0-00381 

0-4542 

(2) 

Mercury 

59-8 

X lO"* 


_ 


30,000 

94-07 

0-0009 

3-729 

(2) 

Nickel . 

13-7 

X 10* 

25 

X 

10“ 

40,000 to 

12-3 

0-0041 

0-730 

(3) 

Palladium 

11-7 

X 10-‘ 

16*4 

X 

10“ 

85,000 

10-7 

0-0037 


Platinum 

9-54 

X 10“« 

24-4 

X 

10“ 

30,000 to 

10-92 

0-0038 

1-816 

(4) 

Silver . 

18-8 

X 10~‘ 

11-45 

X 

10“ 

50.000 

40.000 to 

1-66 

0-0040 

4-025 

(1) 

Steel (wire) . 

10-8 

X 10-« 

30 

X 

10“ 

45.000 

50.000 to 

17 to 47 

0-0016 to 

0 695 

(3) 

Tantalum 

_ 


27 

X 

10“ 

300.000 

130.000 

14-6 

0-0042 

0-0033 

1-350 

(5) 

Tin (cast) 

21-65 

X 10-* 

3-5 

X 

10“ 

5,000 

13 

0-0045 

1-109 

(4) 

Tungsten 

(wire) 

4 44 

X !()-• 

_ 



600,000 

5 

0-0051 

3-431 

(2) 

Zinc (sheet) . 

26-3 

X 10 • 

13-4 

X 

10“ 

16,000 

6 to 6-5 

0-0037 

1-219 

(2) 


[British Aluminium Co.] 


included with these metals certain others, e.g. gold, silver, palladium, 
and tantalum, are given for comparison purposes. 

The Light Alloys Used in Engineering 

With the rapid development of aircraft and automobiles the use 
of light and strong alloys has become extensive and enabled consider- 
able reductions in the weights of various components to be effected. 
Of the available alloys employed for these purposes, aluminium 
and magnesium are the most important constituent or basic metals, 
and alloys of these in the form of sheets, rods, tubes, forgings, sand 
and die-castings are now in common use and frequently employed 
to replace parts hitherto made of steel. Apart from their applications in 
the aircraft and automobile industries, light alloys have also numerous 
uses in the various fields of mechanical and electrical engineering. 
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Whilst it is not possible to refer to the numerous examples which 
occur, in the different spheres of engineering, of the replacement of 
steel parts by those made from the lighter alloys, one particular 
instance may be quoted, namely, in connection with aircraft engines. 
Of the materials used in the construction of engines prior to 1914 
over 90 per cent, by weight, were ferrous, i.e. steels and cast iron. In 
1938 an analysis of the existing aircraft engines revealed that only 
42 to 48 per cent of the weight was due to the use of alloy steels, whereas 
from 47 to 63 per cent was due to the use of light non-ferrous alloys 
and 3 to 6 per cent heavy non-ferrous alloys. From 0*2 to 0-5 per cent 
of the weight was made up of non-metallic materials, namely, sparking 
plug insulators, cable and ignition plant insulators. 

Other examples of the use of light alloys in place of steel and cast 
iron are given in the chapters on aluminium and magnesium and their 
respective alloys. 

Weight, Strength, and StifiEness Considerations 

In connection with the selection of materials for engineering parts 
and structures of minimum weight, assuming that the available 
materials can be fabricated into the required shapes with equal facility, 
and are not discounted on account of physical properties, such as 
corrosion, wear, etc., then the choice of the most suitable material 
involves considerations of the specific gravity, mechanical strength 
and stiffiiess. 

Thus, for the lightest structure ike ratio of strength to weight should 
be a maximum. In this connection the strength is taken as the working 
stress, e.g. tensile, compressive, torsion or combined, to which the 
structure is subjected and the weight as represented by the specific 
gravity or density. Further, the ^atio of the stiffness to weight should 
be a maximum so as to give minimum defiection under load or to 
enable suitable members to be used without the necessity of additional 
stiffeners. 

Additional requirements in the case of metal parts are that the 
metals should be capable of being machined at high speeds with 
available machines and tools ; fabricated with ease and the minimum 
of lieat-treatmont ; be w'eldable by both oxy-acetylene and electric 
processes without special ' technique ; be available in quantity and at 
a cost that is not excessive. 

An interesting comparison may be made between the strength and 
weight properties of a typical alloy steel, a wrought aluminium alloy 
and a wrought magnesium alloy, the properties of which are given in 
Table 3. 
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TABLE 3 

Comparison of Steel and Light Alloys 


Material 

0-1% 
Proof 
Stress* 
Tons per 
sq. in. 

Ultimate 
Stress 
Tons per 
sq. in. 

Specific 

Gravity 

S.G. 

Proof 

Stress 

Modulus 

of 

Elasticity 
Lb. per 
sq. in. 

S.G. 

High tensile steel . 

50 

65 

7-85 

6-36 

29 X 10« 

Aluminium alloy . 

22 

28 

2-85 

7-72 

10-5 X 10« 

Magnesium alloy . 

12 

17 

1-83 

6*55 

6-5 X 10« 


* Proof Stress (0*1%), as defined by the B.E.S.A., is that stress at which 
the stresS'Strain curve departs by 0-1 per cent of the gauge length from the 
straight line of proportionality. 


These results show that the aluminium and magnesium alloys have 
a better strength- to- weight ratio than the steel. It should be mentioned, 
however, that alloy steels having a proof stress of 66 tons per sq. in. 
are employed in engineering so that such steels would have a higher 
strength-to-weight ratio than either of the light alloys in question. 

In the case of tubular and sheet metal constructions requiring the 
maximum strength for a given weighit, the use of high tensile steels is 
often limited by the fact that the sections of the members become too 
thin and are liable to buckle under compression loads. Although 
special built-up sections of box-like form can be employed, it is 
generally more satisfactory to use a light alloy which gives a greater 
thickness of metal for the same strength properties. Other disad- 
vantages of thin alloy steel sections are the difficulties of taking 
concentrated load effects, the necessity for laminations where tapered 
sections would be used for light alloys and increased difficulty in ob- 
taining satisfactory riveted joints. In the latter connection a higher 
efficiency figure is obtained for rivet values in shear against the thicker 
wall of the light alloy. These considerations are of special importance 
in connection with aircraft metal constructions. 

It is possible to make comparisons between the weight, strength 
and stiffness of sheet metals of different materials. Thus, if the thickness 
of the sheet be denoted by t, then the weight for a given size of sheet 
will be proportional to t, the strength in bending to and the stiffness 
in bending to fi. 

If the values for the proof stresses, weights and moduli of elasticity 
given in Table 3 are employed, the comparative weights, strengths 
and stiffnesses of sheet metals of thickness t will be as shown in Table 
4. It will be observed from the second column that these quantities 
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are considered for conditions of (1) equal thickness of sheet, (2) equal 
tensile strength (proof stress), (3) equal stiffne^, and (4) equal weight . 


TABLE 4 

Comparison of Weights, Strengths, and Stiffnesses of 
Sheet Metals 


Material 

Comparison 

< 1 

<• 


1 Weight 

Strength 
t* X f 

Stiffness 
t* X E 

Steel 


1 

1 

1 

1 

100 

100 

100 

Aluminium alloy 

Equal 

1 ! 

1 

1 

36 

44 

36 

Magnesium alloy | 

Thickness 

1 

1 

1 1 

23 

24 

23 

Steel 


1 

1 

1 1 

100 

100 

100 

Aliiniiniiim alloy 

Equal 

1*51 

2*28 

3 44 

54*8 

100 

124 

Magnesium alloy 

Strength 

204 

4-16 

8-49 

47*5 

100 

190 

Steel 


1 

1 

1 

100 

100 

100 

Aluminium alloy 

Equal 

1*4 

1*96 

2*76 

51 

86*2 

100 

Magnesium alloy 

Stiffness 

104 

27 

4-46 

38 

64 8 

100 

Steel 


\ 

r 

1 

100 

100 

100 

Aluminium alloy 

Equal 

2-75 

7-55 

20*8 

100 

332 

750 

Magnesium alloy 

Weight 

4-3 

18-4 

80 

100 

442 

1790 


i = thickness, / « proof stress, E =» modulus of elasticity. 


The results given in Table 4 illustrate several interesting points 
showing to the advantage of the lighter alloys when used in greater 
thicknesses than for steel. Thus, for equal strengths, it is necessary 
to use aluminium alloy plates 51 per cent thicker than steel, but the 
relative weight is only 54*8 per cent of that of the steel plate ; further, 
the stiffness of this thickness of plate for the aluminium alloy is 24 per 
cent greater than for steel of equal strength. 

The magnesium alloy plate of equal strength is about twice the 
thickness of the steel plate, is less than one-half the weight and nearly 
double the stiffness. 

For plates of equal stifftiess the aluminium and magnesium alloys 
require to be 40 and 64 per cent thicker respectively; they weigh 
only 61 and 38 per cent of the steel plate, but have only 86-2 and 64-8 
per cent of the tensile or bending strength. 

When the comparison is made on the basis of equal weights it will 
be observed that the strengths of the aluminium and magnesium alloys 
are 3*32 and 4-42 as great as for steel, and the stiffness 7-5 and 17-9 
times as great respectively. 

An interesting comparison of the strength and rigidity of beams 
made of steel and R.R. 66 aluminium alloy is shown in Fig. !.♦ 


♦ Bureau of Information on Nickel. 
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The following are particulars of the two metals in question — 

TABLE 6 


Comparative Properties of Steel and R.R. 66 Alloy 


Metal 

Specific 

Gravity 

Tensile 
Strength 
(Tons per 
sq. in.) 

Young’s 

Modulus 

X 10® lb. per 
sq. in. 

Steel ..... 

7-9 

35 

30 

R.R.56 alloy, heat-treated 




and aged 

2-8 

29 

10-5 


The diagrams and data given in Fig. 1 show that for equal 
bending strength and deflection the R.R. 56 alloy beams are much 
lighter than the steel ones ; further, the lower elastic modulus value 
of the former alloy is compensated for in regard to the deflection by 
suitable alteration of design of the section. 



Fio. 1. Comparison op Equivalent Beams in Steel 
AND R.R. 66 Alloy 


Another useful method of comparison is given in Fig. 2 for beams 
of the same two metals. 

In this connection the letter a represents one side of the square. 
Thus, for beams of equal stiflftiess it is seen that the weight of R.R.56 
is 60 per cent of that of steel, while the strength is 266 per cent. 

For beams of equal weight the stiffness of R.R.66 is 278 per cent 
of that of steel, and its strength 388 per cent. 
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The letter d equals depth of beams. 

Thus, for equal stiffness, the strength of the R.R.56 beam is 164 
per cent of that of steel, whilst its weight is 50 per cent. 

For beams of equal weight the strength is 660 per cent of that of 
steel, whilst the stiffness is 790 per cent. 



Steel. 

RJR.56. 

R.R.56. 

R.R.56. 


■ 

■ 

■ 

■ 

a 

1 

1 

1*3 

1*67 

Weight ... 

... 100 

35-4 

60 

100 

Strength 

... 100 

83 

265 

388 

Stiffness 

... 100 

35- 

100 

278 

Constant width, conditions as in, for example, sheet. 


Steel. 

R.R.56. 

R.R.56. 

R.R.56. 


MB 


HHI 


d 

1 

1 

1-4 

2-82 

Weight ... 

... lot) 

35*4 

50 

100 

Strength 

... 100 

83 

104 

660 

Stiffness 

4 

... 100 

35 

100 

790 


Fig, 2. Anotheb Method of Comparison of Steel and 
R.R.56 Alloy Beams 

Aircraft Structure Considerations 

In addition to the information previously given it may be mentioned 
that in regard to the selection of the most suitable materials light 
alloys have replaced steel for a large number of parts. In one typical 
example, namelv, that of the metal stressed-skin covering, steel sheet 
does not give the necessary degree of stiffness and light alloys are 
invariably used for the purpose. Another application is for the cylin- 
ders of undercarriage compression struts for which the light alloys 
give a greater wall thickness for a given weight, namely, from 3 to 
4 J times that of 50-ton (proof stress) steel and therefore greater strength 
in compression or buckling. 

For many purposes, however, where parts are subject to fatigue 
or impact effects, steel is superior for solid members, but for thin 
sections under buckling loads the lighter alloys are preferable. 

An interesting comparison of the relative merits of steels and light 
alloys for aircraft structures* is given in Table 6, for the various 
applications mentioned. 


♦ The Bristol Review, 
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TABLE 6 

Comparison of Steel and Light Alloy for Specified Uses 


Details 

Steel 

Light Alloy 

Flanges 
(Wing Spars) 

Flanges formed from strip Into 
special shapes and laminations 
to give the required tapered 
effect for constant strength 
against loading from root to tip. 

Flanges formed from extruded 
sections in simple shapes, 
machined towards the tip for 
taper. 

Webs .... 

Webs corrugated for stability in 
thin gauges and having numer* 
ous vertical stiffeners. 

Webs of flat sheet with vertical 
stiffeners. 

End fittings 

End fittings presenting difficulties 
in certain cases, where shape 
has to coiifonii to the formed 
sections of the flanges. 

Steel end fittings may be used, 
but they will be of relatively 
simple form when picking up 
the extruded flange sections. 

Formers and stringers 
on wings or fuselages 

Can be readily formed Into suit- 
able shape, but in order to keep 
<lowii weight and remain stable 
in thin gauges, the 1 of the 
section would be relatively 
small. 

Can be readily formed into shape. 
The overall size compared with 
steel would be greater (due to 

1 wall thickness ratio of 3 : 1 
relative to steel), consequently 
giving a better figure for the I. 

Ribs for all planes 

These would probably have to be 
built up from formed sections 
to keep within the weight allow- 
ance. If made from sheet, a big 
percentage of the material 
would be removed in the form 
of special shaped lightening 
holes to retain stability over 
the plain areas. 

Made from sheet with circular 
lightening holes, flanged to give 
stability. 

Covering : planes and 
fuselage 

Special forming operations would 
be required on the sheet to 
retain stability over the un- 
supported areas. This would 
lead to great difficulties in 
assembling and joining opera- 
tions in the light gauges, widch 
would necessarily have to bo 
used to keep the weight figure 
within that allowed. 

Can be safely used in the flat down 
to a thickness of 24 S.W.G. 
without presenting any real 
difficulty in breaking up the free 
ureas to retain stability. 

Engine mounting and 
undercarriage parts 
subjected to high- 
frecpiency vibrations 
and alternating load 

Steel fittings having a superior 
fatigue range possess the quali- 
ties necessary for this group, 
and, owing to their high load- 
carrying capacity, give a com- 
pact detail with minimum 
scantling sizes. Forged fittings 
up to 65 tons per sq. in. are 
available for this group. 

Fittings made under this group 
will only be found entirely suit- 
able in certain cases. They are 
not generally considered so good 
as those under the steel heading. 


In connection with the use of light alloys for aircraft and similar 
applications where wall and section thicknesses must not be less than 
certain minimum values under given strength or stiffness conditions, 
the use of extruded light alloys of various sections is recommended ; 
a typical selection of such sections made by Reynolds Tube Co., Ltd., 
is given in Fig. 3. 

With regard to the use of the strong light aluminium alloys in 
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aircraft construction, apart from the use of castings, the forged and 
heat-treated alloys are employed for most of the stress-bearing members 
of the airframe in the forms of extruded sections or large tubes ; some 
of these members are tapered in gauge. The use of extruded sections 
is now general throughout the framework of modem aircraft. 



Fio. 3. A Selection or Extruded Sections in Light Alloy 


Some typical examples and applications of these sections are given 
in Fig. 4* for alloys of the duralumin, R.R. and super-duralumin 
classes. Further applications of light alloy components are shown in 
Figs. 5 and 6. 

The coverings of modem all-metal aircraft are usually of aluminium 
alloy, clad with pure aluminium, in order to withstand atmospheric 
corrosion effects. 

Although the stronger aluminium alloys are used for stress-bearing 

♦ “Materials of Aircraft Coustruction,” H. J. Gough, Joum, Roy, Aeron, 
<5)oc., 26th May. 1938, 
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members, the lighter magnesium alloys are employed for fittings and 
parts of secondary importance, where weight saving can be effected, 
[n general, the tendency is to avoid bnilt-iip alloy structures as far as 
possible and to substitute castings or wrought alloys in the forged or 
extruded forms for these. Concerning the use of sheet materials, about 



Fig. 4, Extruded Light Alloy Sections and Some Typical 
. Applications 

50 per cent of the alloy parts used in modern aircraft are of plain 
duralumin, about 40 per cent of “clad’’ alloys and the rest in one of 
the stronger alloys. About 60 to 70 per cent of the extrusions and parts 
machined from bars are of plain duralumin and the remainder of 
stronger alloys such as R.R.56. About 80 per cent of the tubes are of 
plain duralumin and the remainder of stronger light alloys. 

Light alloys, with ultimate stress values up to 28 tons per sq. in., 
are available, and parts made from such alloys include aircraft engine 
cylinder heads, pistons, variable-pitch airscrew blades, operating 
levers, retractable undercarriage components, brackets, supercharger 
parts, covers, cowlings, main bearing caps of engines, engine bearers, 
etc. 

The use of these alloys, however, involves special attention to 
protection against corrosion, local wear effects and the effect of tem- 
perature upon the strength values of the alloys, etc. 

The magnesium group of alloys, in particular, is readily corrodible 
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and must therefore be protected by special surface treatments when 
used under normal service conditions. 

Many of the aluminium alloys, of which duralumin is a typical 
example, require a particular heat-treatment in order to develop their 



Fig. 5. Illustrating Use of Light Alloy Members for the 
Hull and Wings of Large Flying Boat (Gough) 



Fig. 6. Wing Construction of Large Flying Boat 


full strength and hardness qualities. Some of these alloys also undergo 
a gradual hardening process after annealing; this is termed “ageing,*’ 
so that it is necessary for cold-working and riveting purposes to 
use these parts within a relatively short period after softening has 
been effected. 
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Temperature Effects on light Alloys 

' In connection with the application of light alloys to internal 
combustion engines for components which are subject to normal 
working temperatures appreciably above atmospheric values, special 
consideration must be given to the effects of these temperatures upon 
the strength and hardness properties of the metals. Although at 
ordinary air temperatures some of the available alloys are superior to 
steel in regard to their strength-to- weight ratios and have much better 
thermal conduction properties, the correct basis of comparison should 

always be made under actual working 

f temperature conditions ; in this respect 

most light alloys show a notable falling 
off in strength and hardness values with 
temperature increase. There are, how- 
ever, certain of these alloys which still 
retain sufficient strength at normal 
engine working temperatures to justify 
completely their substitution for steels 
for parts such as pistons and cylinder 

The strength of a light alloy at 
elevated temperatures involves two 
principal considerations, namely (1) the 
effect of the working temperature upon 

I.’IO. 7. TBMrKUATu«Es OF mechaiucal properties, and (2) the 

Aluminium Alloy Cylinder effect of prolonged exposure to high 
Head and Piston working temperatures upon the mechan- 

ical properties after cooling down to air 
tepiperatures. The results of investigations show that the effects of 
exposing different light alloys to high temperatures are not always 


Fig. 7. Temperatures of 
Aluminium Alloy Cylinder 
Head and Piston 


regular. Thus, the alloys which derive their strength properties from 
the application of cold work, e.g. rolling or extrusion, will be per- 
manently softened by exposure to high temperature. Other alloys, 
which age-harden at temperatures of about the room air tempera- 
tures, are unaffected at high temperatures, unless these reach or 
exceed the annealing temperatures, when softening will occur. Other 
alloys will become harder, but more brittle, when exposed to high 
temperatures below the annealing temperature. 

In regard to the order of the temperatures experienced in the case 
of air-cooled engines used for aircraft these seldom exceed about 
376° C. in the case of light alloy cylinder heads and 360° C. for the 
highest temperature of the piston crown. Fig. 7 illustrates the usual 
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temperature values for a radial air-cooled engine. The hot metab 
surrounding the combustion chamber space are, in addition, exposed to 
rapidly varying pressure effects due to the working cycles ; the maximum 
pressure values generally lie between about 600 and 700 lb. per sq. in. 

The aluminium light alloys used for petrol engine cylinders and 



Fig. 8. Curves showing the Strength at Elevated Temperatures 
OF Various Aluminium Alloys after being maintained for 30 mins, 
at the Temperatures Indicated 


pistons have included copper, zinc and silicon content metals, but the 
more recent materials of this class are Hiduminium R.R.50, R.R.53, 
and R.R.59 and Y-alloy. The two latter alloys are employed as 
forgings and the cylinder heads machined from them. Sand-cast 
R.R.50 and R.R.53 alloys are also used for intricate shapes. 

The strengths of these alloys at various temperatures up to about 
350° C. are shown graphically in Fig. 8. The general trend of the 
Hiduminium and Y-alloy curves indicates that there is practically 
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no diminution in tensile strength for temperatures up to about 100° C., 
but for higher values the strength falls rapidly, until at 300° C. the 
values lie between about one-third and one-half of the normal air 
temperature ones. 

The wrought high-strength magnesium alloys used for certain 
parts of aircraft engines, such as the crankcases and cylinder head 
covers, also show an appreciable diminution of strength with temper- 
ature increase, the results being more accentuated, as a rule, than in 
the case of aluminium alloys. Some comparative results for the 
magnesium alloy known as Elektron and three other high strength 
aluminium alloys are given in Table 7. It will be seen from these 

TABLE 7 

Strengths of Light x^lloys at Elevated Temperatures 


Temperature °C. 
of Test 

Ultimate Tensile Stress in tons per sq. in. 

Elektron 

AZ.855 

Duralumin 

Y-Alloy 

R.R.56 

20 

200 

26-5 1 

250 

270 

100 

16-5 

25-5 

23-5 

240 

150 

13-7 

22-5 1 

22-6 

22-5 

200 

120 

200 

21*5 

210 

250 

60 

18-5 

210 

20*6 

300 

— 

130 

16-5 

150 

350 

— 

8-0 

130 

100 


values that at 250° C. the magnesium alloy has only 30 per cent of 
its normal air temperature strength, whereas duralumin, Y-alloy and 
R.R.56 have 70, 84 and 76 per cent respectively these results 
emphasize clearly the superiority of the aluminium alloys for petrol 
engine cylinders (with steel liners), cylinder heads and pistons. Mention 
should here be made of certain special magnesium alloys having rather 
higher strengths at elevated temperatures than the example given in 
Table 7. Thus an alloy containing 10 per cent cerium, 1*5 per cent 
cobalt, 1‘5 per cent manganese and the rest magnesium has a tensile 
strength of 18*6 tons per sq, in. at 20° C., 13-2 tons per sq, in. at 200° C. 
and 7*4 tons per sq. in. at 300° C. 

The cast magnesium alloys used for aircraft engines show a some- 
what similar rate of decrease of strength with temperature increase, 
but have lower initial strength values at air temperatures. Thus, 
Elektron AZG and A. 8 sand-cast alloys have yield points of 6 to 7 tons 
per sq. in. and toisile strengths of lO.to 12 tons per sq. in.* with 6 to 3 
per cent elongation and 45 to 65 Brinell hardness values. 

♦ Solution treated alloys give maximum values of 15 to 20 tons per sq. in. 
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Concerning the effect of temperature upon the hardness ol light 
aluminium alloys, although there is generally little alteration for 
temperatures up to 100° C., above this value the hardness falls pro- 
gressively until at 400° C. it is from 50 to 63 per cent of the normal 
air value. Table 8 shows the results of hardness tests* on typical 
wrought light alloys after reheating to elevated temperatures, after 
complete heat-treatment. 

TABLE 8 

Brinell Hardnesses of Light Wrought Alloys at Elevated 

Temperatures 


Temperature 

"C. 

Duralumin 

Y-Alloy 

1 R.H.56 Alloy 

20 

106-5 

1 

98-0 

130 

100 

106-5 

98-0 

130 

150 

95-0 

98-0 

130 

200 

90-0 

98-0 

125 

250 

85-0 

98-0 

no 

300 

77-0 

85-0 

82 

400 

61-5 

62-5 

62 


It will be seen that for temperatures up to about 250° C. the Y-alloy 
maintains its hardness better than the other alloys. 

The effect of prolonged exposure to high temperatures upon the 
hardness of light alloys of the wrought class is illustrated by the results 
given in Table 9 for specimens exposed at 200° C. for a period of 
13 weeks. The alloys in question were fully heat-treated before testing. 


TABLE 9 

Effect upon Hardness of Prolonged Exposure at 200° C. 



Brinell Hardness Number 

Material 

i 

Before Exposure | 

i 

After Exposure 

Age -hardened duralumin 

1140 

60-5 

Age-hardened Y-alloy .... 

96-3 

69-1 

Artificially-aged R.R.56 alloy 

130-0 i 

58-6 


The superiority of the Y-alloy to the effects of prolonged exposure 
at 200° C. is clearly indicated by the results in Table 9. 

* “Strong Light Alloys of To-day,” L. Aitc'hison, Proc, Inst, AiUom, Kfigrs,^ 
March, 1933. 
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Equilibrium Diagrams ol Alloys 

In subsequent considerations of various alloys in this volume, their 
constitutions are referred to in many instances, so that it may be of 
interest to give a brief account of this subject for the benefit of those 
readers who are not conversant with it. 

When two different metals are melted and mixed together an alloy 
is usually produced consisting of a solution of one of these metals in 



Fig. 9. Simple Equilibrium Diagram for Two Metals X and Y 


the other. If the metals and compositions are suitably selected, when 
the molten mass is cooled down it forms a uniform and homogeneous 
solid which behaves as a metal but with different properties from either 
of the two constituents. This solid metal is known as a solid solution. 
In general, in the case of alloys of two metals, the solid solution usually 
has superior properties to those of the constituent metals. Thus, the 
commonly used brasses (copper-zinc alloys) and bronzes (copper-tin) 
have much better mechanical properties than any of the individual 
metals concerned. 

Solid solutions do not, however, occur except under special circum- 
stances, the usual process being that of the formation of an inter- 
metallic compound of definite composition. This compound may, 
however, dissolve in an excess of one of the metals and thus form 



THE NON-FERROUS METALS AND THEIR ALLOYS 


19 


another kind of solid solution. Usually, the intermetallic compound is 
of a hard and brittle nature and has no practical application. 

It will be seen that an alloy does not usually consist of a simple 
solid solution but contains two or three substances or phases ; it is the 
nature and proportion of the latter that determine the properties of 
the alloy The phase relationships in alloys are more conveniently 
studied from the equilibrium (or constitutional) diagrams, namely, 
diagrams of temperature and composition, showing the melting and 
solidifying points of the various alloys. 

Fig. 9 illustrates a typical equilibrium diagram for two metals 
designated by the letters X and T. These metals are mixed in various 
proportions between 100 per cent X and 0 per cent Y (as indicated 
at P) and 100 per cent Y and 0 per cent X (as at Q). The melting 
points of all the alloys between P and Q are shown by the lines 
AB and BG, known as the liquidus line. All points on the equi- 
librium diagram above the line ABC correspond to the liquid state 
of the alloys. 

The areas ABD and CBE correspond to the partly solidified alloys 
or ** pasty’’ condition. 

The alloy of X and Y having the lowest melting point corresponds 
to that of the point B. This alloy when cooled from the liquid condition 
above B does not pass through any pasty condition but solidifies 
suddenly. It is known as the eutectic of X and Y and is composed of 
X and Y in the proportions of BE to DB, 

The behaviour of any alloy, such as that represented by the point 
O (corresponding to OQ of X and PG of F), when cooled from the 
liquid condition may be studied by drawing the ordinate FLO, When 
cooled from the liquid to the point F on the liquidus curve, crystals 
of X commence to deposit. As the temperature falls gradually towards 
that of the point L, more and more crystals of X are deposited. 

The solution in which these crystals form consists of the pure 
metal Y, and it follows that as the temperature falls towards L, this 
solution must become richer and richer in the metal Y, since more 
and more of the crystals of metal X are being deposited. At any 
intermediate temperature S, the proportion of the liquid Y is repre- 
sented by the abscissa KSH, As cooling proceeds this composition 
point H moves towards B until, when the temperature reaches the 
solidus line DLBE, the liquid has the composition denoted by the 
eutectic point B, 

If the point F had been selected on the line BC, then the cooling 
process would have consisted in the deposition of crystals of the pure 
metal F in a liquid solution of X. 
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Usually, the equilibrium diagrams of commercial alloys are more 
complex than the simple eutectic type shown in Fig. 9, as most of 
the ahoys undergo more than one transformation in cooling from the 
liquid to solid states. 

An example of such a diagram,* given in Fig. 10, will serve to 
indicate the general changes that occur in such instances. 

In this diagram the line HFI is the liquidus and OFE the solidus 
for the metals denoted by the letters A and B respectively. The areas 
HGF and FBI represent the “pasty” state. The area ACQH indicates 



Fio. 10. General Type of Equilibrium Diagram for a Solid Solution 


that the metal B is soluble to some extent in A ; thus at normal air 
temperature the metal B is soluble in A by the amount represented 
by AG, Similarly A is soluble in B by the amount DB at normal 
temperature. When the alloy is at the temperature L corresponding 
to OFEj namely, the eutectic one, the solubilities increase by the 
amounts represented by the horizontal distances of O and E from the 
lines AH and BI, respectively. The alloy of composition F is the 
eutectic, but consists not of a mixture of A and B but of the solid 
solutions represented by a and p. At the temperature L the first 
solid eutectic consists of a solution of composition O and /? solution 
of composition E. 

In the case of an alloy of composition P, cooled from the liquid 
state above 0, the first solid to separate out at 0 consists of a solid 
solution of composition Q, The liquid, as the solid portion separates 
out with falling temperature, becomes richer in the metal Ay and the 

♦ “Copper and Its Alloys,” F. A. Fox, Machinery, 14th April, 1938. 


THE NON-FERROUS METALS AND THEIR ALLOYS 


21 


composition moves towards the point F, At the temperature Y the 
solid deposited consists of ^ solution as given by V and the composition 
of the liquid is represented by U ; this composition, with falling 
temperature, moves along OF and that of the solid along QE. At the 
temperature L, the composition of the liquid is F and this solidifies 
as eutectic. The alloy then consists of primary (i solution and eutectic. 
With further diminution of temperature the jS solid solution cannot 
retain in solution all of the A metal it contains and commences to 
break down into a mixture of a solid solution and p solid solution 
containing less of A ; this change is denoted by the crossing of the 
line ED at points such as R and W. When the alloy is at air temper- 
ature it consists of /? solid solution of composition up to D and eutectic 
of composition F. 

The alloy of composition T will solidify without forming a eutectic 
and will consist entirely of p solid solution. 



CHAPTER II 

ALUMINIUM 


CoMMEBCiAL aluiuinium is obtained chiefly from Bauxite^ an impure 
hydrated aluminium oxide, and Kaolin^ or Chirui Clay^ a double silicate 
of aluminium. Other natural ores include Corundum (aluminium oxide) 
and the Fluoride — ^a double fluoride of aluminium and sodium. 

The metal is usually extracted from bauxite by an electrolytic 
extraction process employing the electric arc t 3 rpe of furnace; the 
H4roult electric furnace is a typical example of the latter. 

Aluminium is a white lustrous metal having a specific gravity of 
2-703 to 2-710, i.e. about one-third the weight of iron, and possessing 
excellent thermal and heat conductivities.' It is also noted for its 
resistance to corrosion under atmospheric conditions. The physical 
properties of pure aluminium are given in Table 10. 

TABLE 10 

Physical Pbopebties of Pube Aluminium 


Property 


Value 


Authority 


Atomic Weight (Oxygen = 16) . 

Spec. Ht., 20‘’-400® C. (av.) cals. . 

Spec. Thermal Conductivity in cals, per cm. 
cub'> per degree C, per sec., at 0® C. . 


Approx. Relative Heat Conductivity 
(Silver » 100%) 

Melting Point (99-97% pure) ®Cent. 

„ ,, (99-66% pure) "Cent. 

Boiling Point, “Cent. . 


Latent Ht. of Fusion, cals, per gin. 

Total Ht. referred to 20“ C., 
calories per gm. 400“ C. . . . 

„ „ 600“ C. . . . 

^ „ „ 700“ C. . . . 

Vapour Pressure at 658-7“ C., nini, of Mercury 


Heat of Combustion to A1,0, per gm. mol., cals. 
Coeff. of Linear Expansion /“(;. 

H.D. Wire, 0“-30“ C 

Roiled metal (normal purity). 

Average value, 20®~100“ C. . 

„ „ 20“-300“ C. . , . 

„ „ 20“-600“ C. , . , 

Specific Gravity — 

H.D. Wire (electrical conductors) 

Rolled sheet (normal purity) 

Molten (90-75% pure), 658-7® C. 

„ „ „ 1100“ C. . 

Wt. of 1 cub. ft. of Aluminium (normal purity), 

lb. 


26-97 Int. Atomic Wt. Comm., 1929. 

0-24 Int. Crit. Tables Formula. 


0-502 


Bailey, Proc. Roy. Soc. A., 134, 
57-76, 1931. 


51-8 

659-8 

658-7 

1800 

92-4 

88 

146 

267 

1-0 X 10-« 

383,900 

23 X 10-« 

23 X 10-» 

24 X 10-* 
26-7 X 10'‘ 
28-6 X 10~' 


1 Edwards, J., American 
/ Eiectrochem. Soc., 1925. 
Greenwood, Proc. Royal Soc. 
82, 1909. 

I Awbery & Griffiths, Proc. 
Phys. Soc., Lond. Vol. 38, 
pt. 5, Aug. 15, 1926. 

Richards, Jour. Franklin Inst., 
Vol. 187, 1919. 

A.S.S.T. Handbook. 

B.S. Spec. 215. 

) Based on Hldnert. U.S. 
} Bureau of Standards Paper 
) No. 497. 


2-703 

2-71 

2-382 

2-262 


B.S.S. No. 215, 1934. 

British Aluminium Co. Ltd. 

I Ed wards & Moorman, Chem. 
Met. Eng., Vol. 24. pp. 61- 
64, 1921. 


169-18 


Calculated from Specific Gra- 
vity. 
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TABLE 11 


Mechanical Properties of Aluminium 


Property 

Value 

Authority 

Modulus of Elasticity, Ib./sq. in. . 

9*9 X 10« 

B.S.S. No. 215, 1934. 

Torsion Modulus, Ib./sq. in 

3-87 X 10* 

Koch & Dannecker, Ann. d. 
Phys., 1915. 

Poisson's Ratio 

0-36 

Bureau of Standards, CIrc. No. 
76, 1919. 

Tensile Strength of Sheet — 


Annealed, tons/sq. in. .... 

6-6i 

B.S.S. No. 2L17, 1922. 

Half'Hard. tons/sq. in 

7-8i 

B.S.S. No. 2L16, 1922. 

Hard, tons/sq. in 

9 (min.) 

B.S.S. No. 2L4, 1922. 

Percentage Elongation in 2 in. — 



Pure Castings, Sand 

20-30 

British Aluminium Co., Ltd. 

.. ,. Chill 

30-40 

fl >1 

Pure Sheet, Annealed .... 

12-40 


„ „ Half-Hard .... 

5-12 

9t ** 9> 

,, „ Hard 

^-8 

•• S* 

H.D. Wire 

4-7 

It II 11 

Scleroscope Hardness (mag. ham.) — 

6-5i 


Annealed or Cast ..... 

11 II ^1 

Cold rolled (•128^-020') .... 

15-22 

II If II 

Brinell Hardness, 1 mm./5 kgm. — 



Cast 

20-28 

11 II II 

Annealed Sheet 

19-23 

11 II It 

Hard Sheet 

38-45 

II *1 II 


TABLE 12 


Electrical Properties of Aluminium 


Property 

Value 

Authority 

Max. Specific Res. for\microhm8/cm. cube. 

2-8735 

B.A. Co. Guaranteed maximum 

H.D. Wire at 20® C. . j microhms/in. cube . 

1-1313 

B.SVS. No, 215, 1934. ” 

Standard Specific Res. for tmicrohms/cm.cube . 

2-845 

H.D. Wire at 20® C. ./microhms/in. cube . 

1-1190 

»» »» 

Coefficient of increase of res. with temo.\®C. . 

0*00407 

»» *f 

for H.D. wire at 15-6® C. (60® F.) . J’®P. . 

0*00226 

Calculated from’ stand, val. for 
silver. 

Elcctrochem. equivalent, grs. per coulomb 

0*00009316 

Electrolytic solution potential against a normal 
hydrogen electrode (in normal aluminium 



sulphate) volts 

1-3 

Bureau of Standards Circ. 346. 

Thermo'clectromotive force against pure plati- 
num for 99*97% Al. at 100® C., millivolts . 



+ -416 

?» »* t» ♦» 

Magnetic Susceptibility at 18® C. . 

0-63 X 10-* 

I.C.T., Vol. VI, p. 354. 


Microscopic Structure, Aluminium and its softer alloys are not 
easy subjects to prepare for microscopio examination, owing to their 
softness and readiness to scratch and tarnish; the hydrated oxide 
which forms is difficult to remove without affecting the etched surface. 
The harder alloys are much easier to prepare for examination. 

Iron occurs in aluminium as FeAlj, which is almost insoluble in 
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solid aluminium, and it is known that no sample of aluminium is 
absolutely free from this compound. 

The presence of this iron compound is shown in imetched specimens 
as a light coloured constituent, with smaller and darker pieces of 

silicon (another 

impurity) eni 

* ' ' ^ i bedded in a mat- 

rix of aluminium. 

The structure 
of aluminium 
may be examined 
by treating the 
polished surface 
successively with 
caustic soda (to 
combine with the 
metal) and nitric 
acid (to remove 
this compound). 
Alternatively, 

Fig. 11 . Aluminium Sheet,' Rolled caustic soda and 

(>< 15^) aqueous hydro- 




Fig, 12. Aluminium Sheet, Annealed 
(X 160) 


fluoric acid may 
be used. 

Figs. 11 and 
12 show the 
structure of or- 
dinary sheet 
aluminium, in 
the rolled and 
annealed states 
respectively. 

The effect of 
rolling is to give 
a distinct grain 
effect in the direc- 
tion of rolling, 
which annealing 
effectively re- 
moves. 


The structure of pure aluminium is minutely granular in appear- 


ance as seen in etched specimens. 
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Commercial Aluminium 

The commercial grades of aluminium used for rolling into sheets 
for domestic, industrial and chemical purposes are about 99 0 per cent 
pure, whilst that employed for electrical conductors is 99*5 per cent 
pure. The impurities usually found in such commercial aluminiums 
are iron and silicon ; traces of copper, sodium and zinc are sometimes 
present. 

Aluminium sheet is supplied normally with a bright finish but if 
desired the satin and frosted finishes are supplied. Another kind of 
finish, known as the “Anodized Quality’’ is used when sheets are to 
be given a decorative anodic or protective oxide coating. 

Commercial sheets and strips are available in five different tempers, 
known as Soft, Quarter-hard, Half-hard, Three-quarters Hard and 
Hard. Of these the first, third and fifth correspond to British Standard 
Specifications 2L.17, 2L.I6 and 2L.4 respectively. Particulars of these 
sheets and strip are given in Table 13. Regarding the various tempers, 
these can be obtained by various amounts of cold rolling under suita.ble 
pressures. 

Commercial aluminium is supplied in the form of strip, sh< it, 
circles, tubes, matting (for footboards and steps), expanded wire sheets, 
pipe fittings, wood screws, rivets, rod, wire, various bar sections, 
foil, powder, etc. It is also supplied in plain and notched bar ingots 
for casting purposes. 

Aluminium Properties mi Applications 

Commercial aluminium as distinct from the alloys of this metal has 
a wide variety of uses. Some of its more important properties and 
applications are given in the following brief notes. 

Corrosion- Resistance. Aluminium is unaffected by ordinary atmo- 
spheric influences but is corroded in sea-water. It is soluble in solutions 
of caustic alkalis and in hydrochloric acid. Ordinary washing soda 
(sodium carbonate) attacks aluminium ; nitric, sulphuric, and hydro- 
fluoric acids also slowly dissolve it. 

When there is any excess of silicon present in the metal it does not 
withstand atmospheric corrosive actions. 

Annealing. Aluminium sheet which has been hardened by cold 
working, such as hammering or rolling, can be annealed by heating it 
to about 350® C. (662® F.) and afterwards cooling in air or water. The 
period of heating need only be for a few minutes. As a rough guide 
to the correct temperature of heating for annealing, the siurface may be 
rubbed, during the heating process, with a dry matchstick from time 
to time, the heating being stopped when the wood begins to char. 
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British Aluminium Co. 

Upper values correspond to 10 S.W.G. sheets and lower ones to 30 S.W.G. 
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The annealing of aluminium wire for electrical purposes requires 
more care, since the aim is to obtain a high electrical conductivity by 
obtaining the correct structure. For high conductivity a long exposure 
at a lower temperature, namely, 250° to 300° C., appears to give the 
best results. In passing, it may be remarked that aluminium alloys 
require a higher annealing temperature, from about 350° to 400° C. 

Melting, Since aluminium oxidizes readily at the higher temper- 
atures it is advisable to use a controllable temperature and a reducing 
atmosphere. Care must be exercised to prevent overheating of the 
metal so that thermostatic temperature control is desirable. Aluminium 
can be melted in ordinary plumbago crucibles, but the modern plum- 
bago variety is a specialized product which has been vitrified by heat- 
treatment to obviate moisture action ; further, the surfaces are 
rendered impervious to penetration by furnace gases by suitable glaze 
treatment. Iron pots can also be used if they are suitably protected 
to avoid pick-up of the metal. This protection can be effected by 
coating the inside with a wash consisting of 2 lb. of whiting, 1 J oz. of 
sodium silicate and 1 gallon of water ; an improvement is given to this 
protective coating if the surface of the iron is first brushed over with 
a mixtiu'e of one part of graphite to two parts of water. 

Iron pots have much better heat conduction properties thd,n 
plumbago ones, and are therefore more economical in heating fuel 
consumption. 

Deoxidizing Properties, Aluminium is used as a deoxidizer for 
irons and steels and for maintaining large melts of metal in the fluid 
condition ; this effect is due to the reaction caused by the aluminium 
on the iron or steel. Thus, if aluminium is added to the molten metal 
it combines with the oxygen and other gases absorbed by the metal 
from the furnace products and the resultant compound rises to the 
top of the metal in the form of slag, when it can readily be skimmed 
off. In this way the formation of blow-holes and similar gaseous 
inclusions can be avoided. Usually, about 10 oz. of aluminium will 
deoxidize one ton of steel or iron, satisfactorily. 

Electrochemical Property, Aluminium is electropositive to most 
other metals, e.g. iron, chromium, zinc, copper, nickel, tin, lead", etc. 
Care is necessary, therefore, to prevent it from coming into metallic 
contact wdth other metals, under conditions where moisture is present, 
in order to avoid electrolytic action, i.e. corrosion. 

Electrical Cmductivity, If the electrical conductivity of silver — 
which is the best conducting metal — ^is taken as 100, then the corre- 
sponding conductivities of silver, copper and aluminium are as 
100 : 96 : 68*6, Although copper is still widely used as an electrical 

a-(T.5303) 11 
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conductor, chiefly on account of its better conductivity and ease of 
jointing, aluminium possesses the marked advantage of low weight 
as compared with the former metal. As the density of copper is about 
three times that of aluminium, a copper cable will weigh about twice 
that of an aluminium one of equal conductance. For this reason large 
cables, such as those used for transmission lines, e.g. the British Grid 
System, are now made with aluminium stranded wire conductors. 
Tn order to obtain the required tensile strength properties it is generally 
necessary to reinforce the aluminium wires by employing a stranded 



Fio. 13 . Section of Aluminium Steel-cored Cable, showing Outer 
Covering of Aluminium Cable enclosing the Steel 
{Northern Aluminium Co.) 


steel cable core, upon which the former are wound. The complete 
cable thus made has only 80 per cent of the weight of the equivalent 
copper one and it is actually much stronger than the latter, namely, 
about 50 per cent. Aluminium used for electrical purposes is usually 
protected against corrosion by giving it a thin oxide coating either 
chemically or electrolytically — ^as by the anodic treatment method. 

Hmt Conductivity, The relative heat conductivities of copper, 
aluminium and iron (or steel) are as 100, 56*6 and 18, respectively. For 
equal cross-sections of uniform conductor, or equal weights, aluminium 
will conduct a greater amount of heat than the other metals or, for a 
given heat transmission, aluminium is the lightest metal to employ. 
The thermal properties of aluminium alloys are very similar to those of 
the pure metal and for this reason heat conducting components of 
petrol engines, e.g. cylinders, cylinder heads and pistons, are now 
made of these alloys, thus enabling weight to be saved and at the same 
time allowing greater power output per unit cylinder volume, on 
account of the higher compression ratios possible. 
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Aluminium Wire 

Aluminium, owing to its great ductility, can be drawn out into 
fine wires, or beaten into thin leaves. The tensile strength of wire of 
0*128 in. diameter is 11 to 12 tons per sq. in., with an elongation in 
48 in. of 0*30 to 1*02 per cent and a reduction of area of from 75*0 to 
83 per cent. 

The tensile strength of commercial wire varies from 6*25 to 14*8 
tons per sq. in., according to the diameter and amount of drawing. 



Fio. 14. Stress-Strain Cttrve for Alttminixjm Wire 

The hard-drawn aluminium wires used for electric cable construction 
have a tensile strength of from 10 to 12 tons per sq. in. 

Table 14 indicates how the tensile strength varies with the size 
of the wire. 

Fig. 14 shows how aluminium wire behaves during a tensile test ; 
it will be seen that there is no definite elastic limit, but the material 
continues to stretch for a maximum load of from 50 to 60 per cent 
of the ultimate value. 

Moduhcs of Elasticity, The modulus of elasticity in the cast form 
is about 9,000,000 lb. per sq. in., but for the sheet and wire forms it 
varies from 8,800,000 to 10,700,000 lb. per sq. in. 
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Compression and Shear, The strength of aluminium in compression 
for cast cylinders having a length equal to twice the diameter is about 
5-4 tons per sq. in., with an elastic limit of about 1-6 tons per sq. in. 
The maximum shearing stress value for castings is about 6-4 tons per 
sq. in., and in the drawn condition about 7-16 tons per sq. in. 

TABLE 14 

Strengths of Aluminium Wires 


S.W.G. 

Diam. 

(inches) 

Tensile Strength 
(Tons per sq. in.) 

S.W.G. 

Diam. 

(inches) 

Tensile Strength 
(Tons per sq. in.) 

7/0 

0-500 

10*2 

10 

' 0*128 

11*2 

4/0 

0*400 

10*3 

12 

0*104 

11*6 

0 

0*324 

10*3 

14 

0*080 

12*0 

2 

0*276 

10*3 

16 

0*064 

12*5 

4 

0*232 

10*7 

18 

0*048 

12*9 

6 

0*192 

10*7 

20 

0*036 

14*3 

8 

0*160 

11*2 

] 




Strength at Elevated Temperatures 

In common with other metals employed for structures and articles 
under stress, aluminium shows a falling off in tensile strength with 
temperature increase above atmospheric. 


TABLE 15 

Effect of Temperature upon the Strength of 
Aluminium. (Le Chatelier) 


Temp.°C. j 

; 

lOO" ! 

150*^ 

200'^ 

1 1 

250° 

300° 

400" 

i 

450° 1 

460° 

T e n s i 1 e 
Strength 
in tons per 
sq. in. 

11*7 

9*6 

8*1 

6*3 

4*8 

3*6 

1 

2*4 

1*5 

1*0 


The elongation increases progressively with temperature increase, 
as shown by the results given in Table 16. 


Aluminium Powders 

The term “granulated” aluminium is given to finely divided 
aluminium produced by blowing molten metal or by grinding in mills. 
This product consists mainly of particles of more or less spherical 



ALUMINIUM 


31 


TABLE 16 

Elastic Properties of Aluminium at High Temperatures 

(Martin)* 


Cold-worked Metal 


Temperature, . 

16 

100 

200 1 

300 

400 

.500 

16 

100 

200 

300 

400 

500 

Elongation : 










1 90-4 1 



Percentage 

28-3 

28*8 

1 

32-8 

38-8 

79 3 

870 

l'11 

62-3 

83-9 

1 ! 

127-9 

121-4 


Fully-annealed Metal 


shape, grease-free and unpolished. It is particularly suitable for use 
in alumino-thermic^ and the calorizing process.f 

Aluminium powder is made by a stamping, sieving and grading 
process whereby the metal is finally obtained as minute flat particles 
which are prevented from welding during the stamping operations 
by the addition of grease. This powder has important applications in 
metallic paint, either in its natural colour or dyed with aniline dye 
to give gold, bronze and other coloured effects. Aluminium paint is 
made by mixing the powder with a suitable liquid medium, such as 
oil or spirit varnish, tung oil, cellulose or synthetic resin, lacquers or 
varnishes ; the two latter media represent the more recent methods of 
making aluminium paint. 

When this paint is applied to any moderately smooth surface the 
various minute laminae of aluminium rise to the surface of the medium 
and overlap in a somewhat similar manner to the scales of a fish, so 
as to form a series of thin metallic layers having the properties of a 
sheet of metallic foil, thus completely protecting the surface below 
from access of moisture, air or light rays; the latter contain violet 
and ultra-violet rays which have a deteriorating action on most 
ordinary paints. 

Aluminium paints have wide commercial applications both as 
protective and decorative coatings for metals, woods and many other 
materials. Such coatings are also excellent light reflectors, reflecting 
up to 70 per cent of the light that falls on the siurface. For this reason, 
interiors treated with aluminium paints reflect about the maximum 
of the incident light, retain their brightness for longer periods than 
ordinary oil pigment paints, and are cleaner. This paint is used for 
lamp-posts, sand bins, refuge posts and similar objects which require 
to remain as conspicuous as possible in dull light. 

* “The Toiisilo Properties of Aluminium at High Temperatures,” T, Martin, 
Journ. Inst, of Metals ^ April, 1924. 

f Powdered and Oranulated Aluminitim (Brit. Alurnin. Co. publication). 
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Aluminium paint is also a good heat reflector and therefore tends 
to keep the surface coated cooler ; this helps to prevent the cracking 
and corrosive action of sun and rain. It is therefore used for such 
items as oil storage tanks, refrigerator cars, walls of cold storage 
chambers, explosive filling and storage buildings, aeroplane surfaces, 
etc. The paint is an excellent primer or base coating for wood and 
metal surfaces which require protection against corrosion or additional 
coats of other pigmented paints. 

In regard to the selection of the medium for aluminium paint, 
apart from cellulose and S 3 mthetic resin lacquers or varnishes — which 
give water, oil and petrol proof surfaces — ^tung oil is recommended as 
preferable to linseed oil as a base ; it gives a waterproof result, better 
lustre and tougher film. About 2| lb. of aluminium powder is required 
for each gallon of medium. 

Extremely fine aluminium powder or powder-paste is used for the 
spraying grades of aluminium paints suitable for producing silver-like 
surfaces and for coating screens used for cinema projection purposes. 
When aluminium powder is mixed with bitumen it produces an excel- 
lent metal protection paint for outdoor purposes. 

Alumino4hermics. There are several commercial applications 
involving the use of aluminium, whereby the latter is ignited with a 
metallic oxide in powdered form producing considerable heat, sufficient 
to melt or even to superheat the molten metal. This method is employed 
for the reduction of oxide ores of such difficult metals to produce as 
chromium, titanium, manganese, etc. ; the metals are thus obtained 
with a 98 per cent purity. 

The Thermit Process. From the engineering yiewpoint the most 
important application of powdered aluminium is that of welding, for 
when aluminium is ignited with ferric oxide, the heat generated pro- 
duces molten iron. The usual proportions employed in the Thermit 
process, based upon this principle, are three parts of red oxide of iron 
to one part of powdered aluminium ; the weight of the molten iron is 
about the same as that of the original aluminium. It is somewhat 
difficult to ignite the powders, but this is achieved by the use of a small 
firing charge consisting of a mixture of aluminium powder and barium 
oxide, ignited by means of a fuse. The Thermit process is used in 
instances where the work has to be done in situ and electric or oxy-gas 
welding cannot conveniently be employed ,* examples of its application 
include the welding of tramway and railway lines, broken castings, 
and forgings. 

In the process of Thermit welding the cleaned ends to be united 
are butted together and surrounded by a mould made from equal parts 
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of fireclay, fire brick and fire sand. The Thermit is placed in an inverted 
conical crucible mounted over the butted parts and ignited by the 
barium-oxide powder on top. When the reaction is completed the 
molten iron is allowed to flow from the crucible, by removing a plug 
at the bottom. In order to modify the intense heat — for the reaction 
temperature may roach 2500° C. — ^it is usual to mix a certain propor- 
tion of steel turnings with the Thermit. It is an advantage to pre-heat 
the work before allowing the molten iron to flow. When the welding 
operation is complete and the metal has cooled down, the surplus is 
removed by grinding or chipping. 



CHAPTER III 

ALUMINIUM ALLOYS 


Aluminium forms an important series of alloys with other metals, 
including the light aluminium alloys, now so widely used in aircraft, 
automobile and general engineering, the aluminium bronzes, nitriding 
steels, a heat-resisting 16 per cent aluminium-iron alloy, etc. It is 
proposed to devote the present considerations to the lighter alloys, 
the principal constituent of which is aluminium. 

Although aluminium has important industrial applications it is 
seldom used by itself for aircraft and automobile purposes, except (in 
the former case) as a corrosion-resisting coating for stronger light alloys. 
The relatively low tensile, shear and compressive strengths, low impact 
resistance and hardness of aluminium preclude its employment for 
engineering purposes in applications requiring high strength-to-weight 
ratios and satisfactory wearing properties. 

When aluminium is suitably alloyed with one or more other metals, 
of which the most important are copper, magnesium, manganese, 
silicon and nickel, it forms a series of relatively strong alloys having 
much greater hardness and impact values than the pure metal. 

Although other aluminium alloys were in commercial use at the 
time, the discovery of duralumin, by Wilm, in 1911, represented the 
beginning of a new era in hard, strong, aluminium alloys. It contained 
copper with the addition of small quantities of magnesium and man- 
ganese and with special heat-treatment possessed the mechanical 
properties of low carbon steels. It was also the first alloy of the “age- 
hardening’’ class and its introduction led to the initiation of a con- 
siderable amount of research work by various authorities, the results 
of which are evident in the wide range of modern light aluminium 
alloys. Mention should also be made of the method discovered by 
Pacz in 1920 for “modifying” cast aluminium alloys by employing an 
alloy having about 13 per cent of silicon. This modification involves 
the addition of a small quantity of a constituent, such as sodium, which 
causes a change in the structure fi:om coarse to fine, so that the eutectic 
composition is displaced. 

It may be mentioned that aluminium can be given increased strength 
and harness in three different ways, namely, as follows: (1) The 
added element can enter into solid solution ; (2) it may dause a phase 
which suitably dispersed throughout the metal forms a rigid skeleton ; 
or (3) it may allow the precipitation of the extremely fine particles 
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during the heat-treatment procedure, i.e. cause “age-hardening.” Of 
these methods the first is of little utility in the case of modern alloy 
requirements ; the second mode of hardening is found in the casting 
alloys and the third chiefly in the wrought ones. 

The various light alloys of aluminium may conveniently be classi- 
fied* as follows — 

Aluminium -Copper (Cu up to 9 per cent). 

Aluminium-Copper-Magnesium (Cu 4 ; Mg up to 2 per cent). 

Aluminium-Copper-Magnesium-Silicon (Cu 4; Mg 2; Si 1*5 per cent). 

Aluminium -Copper-Nickel (Cu 4; Ni 2 per cent with additions of Mg and Si). 

Aluminium-Magnesium (Mg 5 to 10 per cent with additions of Mn and Sb). 

Aluminium-Manganese (Mn up to 2 per cent). 

Aluminium-Silicon (Si 8 to 13 per cent with additions of Mg, Mn or Co.). 

Aluminium-copper Alloys 

The effect of the addition of small percentages of copper to 
aluminium is to cause an increase in the tensile strength and hardness, 
but at the same time to reduce the ductility. Usually, the proportion 
of copper does not exceed about 9 per cent. 

The equilibrium diagram of aluminium-copper alloys with copper 
up to 20 per cent is shown in Fig. 15. It will be observed that at 
500® C. aluminium holds about 4*5 per cent of copper in solid solution, 
whilst at ordinary temperature this is reduced to about 3 per cent. 
In regard to the microstructure of the alloys in question, those con- 
taining more than 2 per cent of copper exhibit in the cast condition 
a network of CuAlg, As to the mechanical properties of this group of 
binary alloys some valuesf are given in Table 17. 

TABLE 17 

Aluminium-copper Ai.loys 


Tensilk Tests t 


Copper 
per cent 

t 

Maximum Stress 
Tons per sq. in. 

Elongation 
per cent 
on 2 in. 

1 Hardness 
(Brinell) 

Specific 

Gravity 

0 

6*2 

37 



2*70 

2 

8-2 

17 

— 

2-75 

4 

9-6 

• 10 

— 

2-81 

6 

9-9 

5 

— 

2-85 

8 

10-6 

3 

60 

2*90 

12 

— 

— 

82 

— 


* ‘'Materials of Aircraft Construction,” H. J. Gough, Journ, Roy, Aeron, 
Soc., 26th May, 1938. 

t Eighth Report^ Alloys Research CommiUet of Carpenter and 

Edwards. 

t Tests made upon 1 in. diameter chill ca.st bars. 
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It will be observed from these results that the tensile strength and 
specific gravity increase with the copper content, whilst the elongation 
diminishes. 

The alloys most used in practice are those with 6 to 8 per cent 
copper and with 11 to 13 per cent copper. Typical examples of such 

700® c. 

600 ® 


500 * 

400 * 


300 * 


200 * 


100 * 

5 10 15 

por rent. 

Fig. 15. Eqcilibriitm Diagram for Aluminium-coppkr Alloys 

alloys are the casting alloys conforming to D.T.D. Specifications 428 
and 3L.8, respectively. 

The 6 to 8 per cent copper alloy is also represented by the British 
Engineering Standards Specification No. 3L.11 and the 11 to 13 per 
cent copper alloy by the Specification No. 2L.8 ; these, however, have 
different specifications for the impurities and other elements from those 
of the D.T.D. Specifications, for which the following are the stipulated 
percentage compositions — 



Cu 

Mg 

8i j 

1 

Fo j 

Zn 

A1 

D.T.D. 428 

60-8*0 

0*1 

2 0-3 0 j 

1*0 

2*0-40 

Remainder 

D.T.D. 3L.8 

110-13-0 

1 

— 

0*7 

0*8 

1 

01 

i 

[Ti0*2; A1 
remainder] 
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The former alloy has a tensile strength for standard and chill cast 
bars of 8 and 10 tons per sq. in. respectively, and the latter alloy, 
7 and 9 tons per sq. in. respectively; these represent the minimum 
allowable strength values. 

Some physical and mechanical properties of aluminium -copper 
alloys at elevated and ordinary temperatures are given in Table 18. 


TABLE 18 

Properties of 8 anx> 12 per Cent Copper- aluminium 
Alloys 


Property 

1 8 per cent 

Copper 

12 per cent 
Copper 

Tensile strength of chill cast alloy at 2.50"^ C. (tons 
persq. in.) ....... 

70 

6-9 

Tensile strength at 3.')0° C. . 

3-3 

4-7 

Brinell hardness number (sand cast), 15° C. . 

55 

67 

Brinell hardness number (sand cast), 300° C. 

11 

14 

Brine 11 hardness number (chill cast), 15° C. . 

60 

82 

Brinell hardness number (chill cast), 300° C. 

12 

13 

nc cia XI / Max. stress \ . 

Mass Strength ( - . — ) in (rast condition 

\ Spec, gravity/ 

3-6 

31 

Mass strength at 350° 0. (chill cast) 

1-2 

1-6 

Modulus of elasticity (chill cast), tons per sq. in. . 

4200 

4200 

Thennal conductivity (chill cast), in C.G.S. units . 

0-35 

0*34 

Coefficient of thermal expansion (cast) 

00000231 

00000184 

Shrinkage (inches per foot) .... 

14/100 

15/100 


Aluminium-copper alloys are employed in industry for light cast- 
ings requiring greater strength and hardness than ordinary aluminium 
ones. They have been used for automobile pistons, crankcases, 
cylinder heads, etc., but more recently the stronger alloys, such as 
Hiduminium and Y-alloys, have largely taken their place for these 
purposes. 

Aluminium-zinc Alloys 

Although previously employed, these alloys are not used to-day 
since they tend to distort and crack when cast, being subject to hoU 
shortness. An appreciable improvement is effected, however, by the 
addition of a small proportion of copper. A typical casting alloy of 
this class has the following percentage composition — 

Al, 84-0 ; Zn, 13*5 ; Cu, 2*5. 

It has a tensile trength (sand cast) of 9 to 11 tons per sq. in., and 
(chill cast) 11 to 14 tons per sq. in. The corresponding elongations 
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are 4 to 2 and 8 to 3 per cent, respectively. Such castings are, however, 
still liable to hot-shortness and to cracking within a few months of 
casting; they are also heavier than other stronger casting alloys. 

Aluminium-silicon Alloys 

These alloys are widely used for engineering and other commercial 
purposes and usually comprise two groups, namely, those with 8 to 10 
per cent and 12 to 14 per cent of silicon. 



Fig. 16. Equilibrium Diagram for Aluminium-silicon 
Alloys 

Silicon alloys are notable for their low shrinkage value, casting 
fluidity, clean sharp castings, and good mechanical properties. More- 
over, they are among the lightest of the binary alloys of aluminium. 
They possess good ductility, and are more resistant to corrosion than 
many other aluminium alloys. 

The equilibrium diagram* for aluminium-silicon, for silicon values 
up to 18 per cent, is shown in Fig. 16. This diagram shows that 
silicon is only soluble in solid aluminium up to about 1*5 per cent at 
about 580® C. The eutectic alloy contains about 10*5 per cent silicon. 

Fig. 17t shows the normal structure of a chill-cast alloy containing 
about 12 per cent of silicon. If the melt is treated with a very small 


♦ Hanson and Gaylor, Joum, InaL Metals, 1921 ; 26, 323. 
t W. Kosenhain and S. L. Archbutt. 




ALUMINIUM ALLOYS 


39 



Fio. 17. Autminium-silicon Alloy. Unmodified, x 150 



Pio. 18. Aliminium-siucon Alloy. Modified, x 160 
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quantity of sodium or with a flux containing sodium fluoride a modified 
structure with a very much finer grain is obtained, as shown in Fig. 18 ; 
the magnification, it will be observed, is the same in each case. 

In regard to the mechanical properties and specific gravities of 
aluminium-silicon alloys, some test values are given in Table 19. 

TABLE 19 


Properties of Typical Aluminium-silicon Alloys (Cast) 


Silicon 
per cent 

Tensile Strength 
Tons per sq. in. 

Elongation 
per cent 

/ 

Specific Gravity 

8 

100 

10-0 

2-67 

10 

12-5 

9-0 

2-66 

13 

14-75 

7-5 

2-65 


Among the commercial aluminium alloys containing silicon as the 
chief additional constituent may be mentioned Alpax, or Silumin, 
Lautal (this also contains copper), and Wilmil. 

The following typical properties of alurninium-silicoii casting alloys 
(as cast) are given by the British Aluminium Company. 

TABLE 20 

Mechanical Properties of Aluminium-silicon 
Casting Alloys 


Property 

Type 

10-13 per cent 
Silicon Alloy 

Tensile strength .... 

Sand cast 

11-12 tons per sq. in. 


Chill cast 

11-15 

Elastic limit (commercial) . 

Sand cast 

5 0 


Chill cast 

(3-7 

Per cent elongation in 2 in. 

Sand cast 

5—14 pc'i* cent 

Chill cast 

8-20 „ 

Brinell hardness (2 mm. hall, 20 kgi 
load) ...... 

Chill cast 

55-65 

Izod impact test .... 

Sand cast 

3-7 ft.-lb. 


Chill cast 

4-10 .. 


By suitable heai4reatmeM the mechanical properties can be im- 
proved considerably in many instances. Thus, in the case of Alpax 
“Beta*’ (Si, 10-0--13*0 per cent; Mg, 0*6 per cent; Mn, 0*6 per cent) 
as cast, the alloy has about the same strength properties as the alloys 
given in Table 20. When, however, it is heat-treated by heating for 
2 to 4 hours at 630® C. and quenched, afterwards being heated for 
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16 hours at 160^^ C. and quenched, the minimum tensile strengths in 
the sand and chill cast states are 15*5 and 19*0 tons per sq. in., respec- 
tively. The 01 per cent proof stress values are 13 and 16 tons per 
sq. in. respectively. 

These alloys are more resistant to corrosion than most other 
aluminium alloys, and have been used on ships and in similar locations 
where corroding conditions are severe. 

The ductility of these alloys in the cast state is high for light alloys, 
so that the castings are, to some extent, malleable and can be bent 
without cracking. 

The alloys in question have a very low solidification contraction 
and are not “hot -short,” so that casting is simplified. Their good 
casting qualities make them particularly suitable for castings which 
have thin sections of large area, sudden changes in section, or con- 
taining steel insets of large diameter. 

The ordinary aluminium-silicon alloys used for commercial pur- 
poses are poured at about 700"^ C. ; in no cases should the metal be 
allowed to exceed 750 ' C. during the melting process prior to pouring. 
In connection with die -casting work, these alloys are affected by their 
rate of freezing, or solidifying, in the mould ; for this reason tiiey are 
particularly suited for chill and die-casting purposes. The dies should 
be kept heated at about 2(X)° ( •. 

These alloys can be forged and rolled, suitable working temper- 
atures being about 450"^ to 460° C. For annealing the recommended 
temperature is 450° to 500° C. Actually, however, forged and rolled 
aluminium-silicon alloys are not used to any extent commercially, on 
account of their relatively low mechanical strength and elastic limit ; 
the former is of the order of 10 to 12 tons per sq. in. with from 7 to 11 
per cent elongation. 

Silicon alloy sheet is supplied by the British Aluminium Company 
under the name No. 401) alloy. It is supplied in three grades or 
tempers, viz., hard, medium, and soft. The following are the average 
mechanical properties of these grades — 


TABLE 21 

Properties of Aluminium-silicon Alloy Sheets 


Temper 

Tensile Strength 1 

Tons per sq. in. 

Percentage Elongation 
in 2 in. 

Hard .... 

12-14 

6-9 

Medium 

10-12 

10-16 

Soft .... 

9-10 

20-30 
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Of these three the medium temper is most commonly used when 
a moderate amount of shaping is to be done. Medium sheets are 
capable of being bent through 180° round a radius equal to the thickness 
of the sheet. 

The specific gravity of the alloy is 2*67. The medium temper sheet 
can be softened by annealing (by heating to about 350° C.) and it is 
hardened by cold working. It cannot be hardened by any process of 
heat-treatment or ageing. 

Aluminium-magnesium Alloys 

Although magnesium enters into the composition of many of the 
more complex aluminium alloys considered in this section, there is an 
interesting series of binary alloys which possesses certain advantages for 
aircraft and similar purposes. 

As magnesium is appreciably lighter than aluminium, the alloys 
formed with the latter metal are lighter than aluminium and the 
other alloys under consideration. 

Thus, the specific gravities of aluminium-magnesium alloys with 
2, 4; 6, 8, 10, 12, and 14 per cent magnesium content are respectively 
2-681, 2-661, 2-641, 2-621, 2-601, 2-582 and 2-562 ; for aluminium 
itself the corresponding specific gravity is taken as 2-702. 

The binary alloys in question are much more resistant to corrosion 
than aluminium or the light alloys mentioned in this section ; in this 
connection the present useful range includes alloys with magnesium 
up to about 15 per cent. 


TABLE 22 

Effect of Magnesium on the Mechanical Properties of 
Aluminium (Wrought and Annealed) 


Magnesium 
per cent 

Proof Stress 

Tons per sq. in. 

Maximum Stress 
Tons per sq. in. 

Elongation 
per cent 

0 

2-0 

6*20 

40-0 

1 

60 

9-60 

29-0 

2 

6*45 

11-50 

25*0 

.3 

6-92 

13-60 

24-0 

4 

7-65 

15*00 

24-0 

5 

8-30 

17-15 

22-0 

6 

9-60 

20-00 

22-0 

7 

10*75 

22-50 

21-0 

8 

12*20 

24-50 

21-0 

9 

13*10 

25*80 

20-0 


In regard to the effect of magnesium upon the strength properties 
of aluminium, from the values given in Table 22, due to L. Aitchison, 
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it is apparent that the proof stress and tensile strength increase 
practically in proportion to the magnesium content, whilst the elonga- 
tion diminishes in inverse proportion. The values in question refer to 
the wrought alloys in the annealed condition. 

In connection with the corrosion resistance this appears to be a 
linear function of the magnesium content, so long as the magnesium 
can be kept in solid solution ; the best alloys from this viewpoint are 
those having 5 and 7 j>er cent of magnesium, known as MG.5 and MG.7 
respectively. 

An important alloy having excellent mechanical projjerties without 
the necessity of heat-treatment is one containing 7 per cent of mag- 
nesium and 0*25 per cent of manganese. It has the following minimum 
mechanical properties — 


TABJ.E 23 

Properties of ALumNiuM-MAONESiUM Alloy 


1 

Condition | 

Tensile Strength 

0*1 per cent 
Proof Stress 

ElongatJon 

1 

1 

1 Tons per sq. in. 

1 i 

Tons per sq. in. 

i 

1 per cent 

Annealed . 

20 

1 

10 

1 20 

Cold -rolled 

25 

1 

1 15 

i 

i 


This alloy work-hardcns appreciably. It has a good resistance to 
corrosion in marine waters and atmospheres. It can be obtained 
commercially in sheet, rolled sections, rivets, etc. 

Another important alloy is the binary one with 5 per cent of mag- 
nesium. It is particularly suitable for rivets and wire; the latter 
can be made with a tensile strength of 16 tons per sq. in. and rivets 
can be formed from it more conveniently than from the heat-treatable 
alloys, such as duralumin. 

A commercial alloy of the aluminium-magnesium class, which is 
actually used for the plates or skins of metal boats, is Birmabright. It 
has a high degree of corrosion resistance ; a proof stress of 20*5 tons 
per sq. in. ; tensile strength of 23-9 tons per sq. in., and elongation of 
3 per cent. The MG.7 alloy has a proof stress of 17-60 tons per sq. in. ; 
tensile strength of 24-9 tons per sq. in., and elongation of 14-0 per cent. 

The MG.9 alloy has a proof stress of 12*6 tons per sq. in. ; tensile 
strength of 25-4 tons per sq. in., and elongation of 21*0 per cent. 

In each of the above alloys the results refer to the cold-worked metal. 
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Alumimumomanganese Alloys 

The addition of small proportions of manganese to aluminium 
improves the resistance to corrosion and renders the metal readily 
weldable. A typical alloy is the one known as BA/60A, which contains 

1 J per cent of manganese. It is supplied in sheet and strip form in 
five tempers, namely, Soft, Quarter-hard, Half-hard, Three-quarter 
Hard, and Hard. These alloys are non- heat -treatable ones. 

The tensile strengths of these tempers are as follows: 60~7’5; 
7*5“9*5; 9 0-110; 11‘0-13 0 and 13*0 (min.) tons per sq. in. 

The 0*1 per cent proof stresses (average) are: 2*7, 7*6, 8*9, 10*4 
and 10*75 respectively. 

The corresponding elongat ions are : 22-45 ; 4 to 7 ; 3 to 10 ; 2 to 8 ; 

2 to 6 per cent. 

In this connection it should be mentioned that for any of the 
gradCvS the elongation depends also upon the actual thickness of the sheet. 

The Brinell hardnesses range from 27 for the soft temper to 54 
for the hard one. 

The specific gravity of this alloy is 2*73. 

Other Corrosion-resistant Alloys 

An aluminium alloy having 2*5 per cent of magnesium and 0*25 per 
cent of manganese possesses a high resistance to corrosion and, in 
addition, can be worked with comparative ease in the annealed 
condition. It has then a tensile strength of 12*5 tons per sq. in. and 
elongation of 20 per cent. This alloy is supplied in sheet form and 
also for soft tubes for petrol and oil conveyance purposes on aircraft. 
Another interesting alloy* is one containing chromium and magnesium, 
a typical composition being 1*5 to 3*0 per cent of the latter to 0*1 to 
0*35 per cent of the former. It has about the same strength properties 
as the alloy previously mentioned and has also a high resistance to 
corrosion. 

The ‘‘clad’’ duralumin and improved duralumin alloy sheets, with 
pure aluminium coatings, may also be referred to in connection with the 
other as corrosion -resistant, high-strength sheet alloys. 

Classification of Aluminium Alloys 

Modern aluminium alloys now embrace a relatively large number 
of compositions, and are known by various B.S.T., D.T.D. Specifica- 
tions and proprietary names. Such alloys may be identified in general 
by their chemical compositions and in this connection the classification 
system given on page 36 will be found helpful. 

* Ante, page 11, note. 
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For commercial application purposes, however, it is more convenient 
to consider the light aluminium alloys as belonging to three definite 
groups, namely, as follows: (1) Hmt4reatable alloys corUaining copper 
and magnesium. (2) Fleatdreatable alloys without copper. (3) Alloys 
that are not heat-tr eatable, under the main classes of wrought and cast alloys. 

The first group of wrought alloys includes duralumin, Super-dural- 
umin, Hiduminium R.R. and Y-alloys to which more detailed reference 
is given later. Mention should here be made of a mare recevl alloy 
in this group,* how in commercial production, which gives excellent 
mechanical properties for its specific gravity of 2*8. The following is 
the percentage composition : Cu, 1 *5-3*5; Fe, 0*6; Mg, 2-4; Zn, 4-6; 
Ni, > 1*0; Si, > 0*6, and Ti, > 0*3. 

After solution heat-treatment at 460° C., followed by age-hardening 
treatment, at 130° C., this alloy has a tensile strength of 33 to 38 tons 
per sq. in. with 0* I per cent proof stress of 28 to 33 tons per sq. in. ; 
elongation of 10 to 18 per cent, and Wohler fatigue range of 12*5 
tons per sq. in. 

The second group includJ^ alloys having a nominal percentage 
composition as follows: Si, 1*0; Mg, 0*6; Mn, 0*75 (may be omitted) ; 
Al, remainder. 

In order to develop the full mechanical properties the alloy is heated 
to 520° C. and quenched in water. After being allowed to age-harden 
at normal air temperatures the metal has a minimum tensile strength 
of 17 tons per sq. in. with 20 per cent elongation ; it has a 0*1 per cent 
proof stress of 10 tons per sq. in. It is also possible to subject the alloy 
to precipitation heat-treatment. Thus, after quenching from 520° C. 
it is treated at 165° C. and has a tensile strength between 20 and 23 
tons per sq. in. and corresponding elongation of 10 to 15 per cent; 
the 0-1 per cent proof stress is 15 to 19 tons per sq. in. 

Applications of this medium strength alloy include pressed sheet 
metal parts for aircraft, e.g. cowdings and fairings. 

The third group includes alloys containing magnesium up to about 
10 per cent with small percentages of manganese, tin or chromium. 

These alloys have previously been referred to under the headings 
of Aluminium-magnesium and Aluminium-manganese Alloys. 

The Wrought Aluminium Alloys 

A convenient method of cla^ssifying the wrought alloys is that 
based upon the heat-treatmentf and it has the advantage of requiring 
only three groups to cover a very wide range of commercial alloys. 

Ante, page 11, note. 

t “Wrought Allo;^ of Aluminium in Aircraft,” G. Mortimer, Airorafi 
Engineering, September, 1929. 
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These groups are as follows — 

(1) Alloys having magnesium silicide (MggSi) as the hardening 
medium. 

(2) Alloys having copper eutectic compound (CuAlg) as the hardening 
medium. 

(3) Alloys having magnesium silicide and copper eutectic com- 
bined as the hardening medium. 

It is here necessary to explain that for the stronger light aluminium 
alloys the principle of heat-treatment is the same. For all such alloys 
there is some constituent which is not only soluble in solid aluminium 
but of which the primary aluminium crystals will absorb more at high 
temperature than at ordinary temperatures. This constituent is 
normally present in excess in the alloy, and the first stage of heat- 
treatment consists in holding the alloy at a suitable temperature until 
this excess is absorbed into solid solution. The operation of quenching 
fixes tlie excess in solution, the alloy then being in an unstable state. 
The excess in solution tends to precipitate, and, under suitable con- 
ditions, is thrown down in a finely dispefsed state — a process associated 
with the previously mentioned phenomenon known as age-hardening. 

(1) Magnesium Silicide Group 

This essential constituent of the first group of alloys is usually 
present, due to the inclusion of a small percentage of silicon in com- 
mercial aluminium ; the added magnesium results in the formation of 


TABLE 24 

Commercial Aluminium Alloys 
Group 1. Hardening Medium MggSi (Mortimer) 


Trade 

Name 

Approx. Rs.soiitial Composi- 
tion, with Iron Normal, and 
. Aluminium Remainder 

Commercial Range of 
Mechanical Properties 


Mg 

Mn 

Si 

C 


Aldrey . 

0-6 

0*6 

10 

— . 

After heat -treatment all of 

Almalec 

0-6 

0-6 

10 

— 

these alloys offer much 

Silmalec 

0-6 

0-6 

1-0 

— 

the same properties. 

51S 

0-6 

0-6 

10 

— 

A tensile strength of 20-22 

Anticorod al 

0-6 , 

0-6 

10 

— 

tons, elongation of 6-18 

Aludur . 

0-6 

— 

0-88 


per cent and a Brinell 

Almasilium 

10 

— 

20 

— 

hardness of 80-100; ac- 

Montega) 

0-95 


0-8 

0-2 

tual figures vary with 
treatment, with section 
and with percentage re- 
duction in working. 
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MggSi, a compound of which at room temperature only about 0-3 per 
cent is soluble in aluminium. At about 580° C., however, as much as 
1*6 per cent can be absorbed. The effect, then, of heating the alloy 
to 580° C. and then quenching is to cause the MggSi to be absorbed in 
excess. Subsequent hardening, or “ageing,’’ causes a precipitation of 
the excess in a finely divided state. 

The normal heat-treatment of this group of aluminium alloys is 
to quench from 510°-520° C. in cold water, following this by annealing 
for 12 to 24 hours at about 160° C. In order to obtain the soft annealed 
condition the metal is heated or “soaked” for a time at 350° C. and 
allowed to cool slowly. 

(2) Copper Eutectic Compound Oroup 

When copper is added to commercial aluminium about 1 to 2 per' 
cent is normally retained in solid solution. By soaking at 540° C. for 
some hours, however, as much as 5 5 per cent of copper may be brought 
into solution and fixed by quenching, and the effect of this can be seen 
clearly through the microscope, in the partial or entire disappearance 
of the characteristic network of eutectic compound. Since the maxi- 
mum absorption possible is in the neighbourhood of 5-5 per cent of 
copper, the known alloys of this series contain about 4 per cent of 
copper, to ensure a minimum of eutectic at the crystal boundaries 
after heat-treatment. 

TABLE 25 

Commercial Aluminium Alloys 
Group 2. Hardening Medium CuAlg (Mortimer) 


Trade 

Name 

Apprux, K-ssoiitial Composi- 
tion, with Iron Normal, and 
Aluminium Remainder 

Commercial Range of 
Mechanical Properties 

i 

Cu 

Mn 

Si 


Lautal . 

40 


20 

Properly worked and heat- 

Aeroii 

40 

— 

20 

treated, tliese alloys will 

25S 

40 

0-8 

0*8 

give in practice a tensile 

L.M. 

1 

4-75 

0-75 

0-75 

strength of 24-25 tons per 
sq. in. with 18-20 per cent 
elongation, and a Brinell 
hardness of 90-100. 


These alloys do not harden spontaneously, and they are usually 
supplied, commercially, in the quenched but unhardened state. To 
bring about precipitation and the best physical properties the metal 
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is either soaked for about 16 hours at 120®~130° C. or for about 48 
hours at 140°-150° C. In the first case the treatment will give a tensile 
strength of about 22 tons per sq. in., with 25 per cent elongation ; in 
the second it will give about 24 to 25 tons per sq. in. with 18 to 20 per 
cent elongation. 

To anneal the alloy it is allowed to soak for some time at 350°“400° 
C., and then cooled slowly. 

To re-harden it is quenched from 490°-510® C. The forging temper- 
ature is 440°-480° C., and several intermediate heatings are advisable 
in heavy reductions. 

(3) Combined Hardening Media Group 

In this group the hardening influence of both MggSi and CuAlg are 
involved. Amongst these alloys we have duralumin and Super- 
duralumin, two of the strongest aluminium alloys known. The 
addition of nickel confers valuable frictional qualities and the property 
of maintaining strength and stiffness at high temperature; there is 
as yet no alloy quite so good as “Y ’’-alloy for pistons, and it is also 
used for such parts as the connecting rods and cylinder heads of air- 
cooled engines. Silicon, which has obviously been added to many of 
the alloys in aU three groups in excess of that normally expected as an 
impurity, improves both the foundry and working properties. Man- 
ganese tends slightly to refine the grain. Cadmium, it is claimed by 
some authorities, increases the resistance to sea-water corrosion. 

TABLE 26 

Commercial Aluminium Alloys 


Group 3. Hardening Medium MggSi + CuAlg (Mortimer) 


Trade Name 

Approx. Composition, with 

Iron Normal, and 
Aluminium Remainder 

Commercial Range 
of Mechanical 
Properties 


Cu 

Mg 

Mn 

Si 

Cd 

Ni 


Duralumin . 

40 

0*5 

0-5 

0*6 



— 

Between 25 and 35 

Aldal . 

4-0 

0-5 

0-5 

0*6 



tons per sq. in. with 

17S . 

40 

0-5 

0-6 

0-3 

— 


15-20 per cent elon- 

Almag 

2-0 

0-7 


0*6 

— 

— 

gation. 

Alferium 

3*5 

0*6 

0-5 

0*3 

— 

— . 


“Y”-alloy . 

40 

1-5 

— 

0*4 


2*0 


Aeral . 

3*5 

1-8 

— 

0*6 

2-25 

— 


Avional 

4-75 

0-5 

10 

1-4 

— 

— 


Super-duralumin . 

40 

0-5 

0*5 

0-75 

— 

1 — 
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Standard and Commercial Wrought Alloys 

The compositions, heat-treatments and mininmm tensile strengths, 
proof stress (0*1 per (tent), and elongations of a number of the most 
widely used wrought alloys of aluminium, together with indications 
of their applications, are conveniently given in Table 27,* pag(*s 50-55. 

The Directorate of Technical Development (D.T.D.) Air Ministry 
Specifications and also the corresponding proprietary makes or names 
of these alloys are given in columns 3 and 1, respectively. 

Some further notes on certain of these alloys are given later in 
this chapter. 

Aluminium Alloys for Castings 

The various D.T.D. standard and equivalent (*ommercial casting 
alloys of aluminium are conveniently classified for reference purposes 
in Table 28, f Paiges 56 and 57, which also indicates the principal 
applications of such allo^^'s. 

Duralumin 

This widely used alloy containing copper, magnesium and silicon 
is the strongest aluminium alloy that can be produced by age-hardening 
at room temperature. The jKjrcientage chemical composition is aTq>rox- 



Fig. 19. Effect of Age-hardening on Properties of Dcralemix 

imately as follows: Cu, 4-0; Mn, 0’5; Mg, 0*5; Si, 0-25 to 0*60; Al 
(the remainder). 

The standard heat-treatment consists in quenching it from 480'' to 
500" C. in water and allowing it to age at room temperature. 

The manner in which the tensile strength increases \dth the period 
of time from quenching is illustrated in Fig. 19J. The maximum stress 

♦ Courtesy, British Aluminium Co. 
t Courtesy, Northern Aluminium Co. 

t “Strong Light Alloys of To-day,'’ L. Aitchison, Proc. Imt, Autom. Engrs, 
March, 1933. 


TABLE 27 

Wrought Aluminium Alloys 
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297 Bars, Extruded Sections and Forgings 
(Softened) ..... 



Bimaabright I Mg. 3-0-6-0% I70A Sheets (Hard) ..... 20 [ 15 1 Over 0-104 in. 

and Mn. 0-75% Max. | 3 
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In each of the above alloys the remainder consists of aluminium and normal impurities. 
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In each of the above alloys the rrmainfler consists of aluminium and normal impurities. 




In each of the above alloys the remainder consists of aluminium and normal impurities. 


Composition per centf ( Aluuiiniuin remainder) Minimum Mechanical Properties 
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t Singh* ftgures show niaxiinnm coritent . 

• Forinfonnatiori puri)()«*sonly. Mwl, Modifying agen' , i.e. Na. Wo, ('r, r(». 11. ( a. H.T. Heat-treated. 

Imps. Impurities. Whcrt; tiii.s apywiars under the lioading of an alloying element it indicates that the element concerned may be present as an impurity. 
NA. denotes Northern Almniniimi aluminium alloys. 
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curve shows that the tensile strength directly after quenching is about 
16-5 tons per sq. in., and that the tensile strength increases pro- 
gressively until after 6 to 7 days of “ageing it attains a value of about 
27 tons per sq. in. Actually, the tensile strength continues to increase 
beyond this value with further periods of time, for the curve of 
maximum stress is asymptotic to a line parallel to the time axis. Over 
a period of two years it has been shown that the strength of the alloy 
rises by about 1 ton per sq. in. as compared with its strength at the end 
of 7 days from quenching. With this increase in tensile strength there 
is a corresponding reduction in the ductility ; thus at quenching the 
elongation is about 27 per cent, falling in 6 to 7 days to about 17*5 
per cent, and thereafter continuing to fall at a much lower rate. 

The principal advantages claimed for duralumin are summarized 
by Aitchison as follows — 

(1) The temperature employed for the solution heat-treatment of 
the alloy is the lowest that is applicable to any commercial light alloy. 

(2) The alloy is soft enough for a workable period after it has been 
quenched, i.e. the rate of age-hardening is not sufficiently great to 
prevent a certain amount of mechanical work being carried out before 
it becomes too hard. 

(3) It hardens spontaneously when exposed to room temperatures. 
This has definite practical advantages as a second heat-treatment is 
avoided. 

In regard to the effect of reheMing the age-hardened imtul to various 
temperatures, i.e. subjecting it to precipitation heat-treatment, the 
results of tests made upon duralumin are given in Table 29. 


TABLE 29 

Effect on Mechanical Properties of Reheating 
Duralumin 


1 

Temperature ”C. 

Tensile Strength 
(Tons per sq. in.) 

Elongation 
per cent 

20 

28-65 

18-7 

100 

27-69 

18-6 

125 

27-33 1 

19-9 

150 

27-08 

20-3 

175 

27-04 

17-7 


The general mechanical properties of duralumin in the forged and 
age-hardened condition, derived from tests* made on a standard 

* “Commercial Aluminium Alloys,” J. B. Hoblyn, Proc» Inat.Autom^ Engra,, 
1929-30. 
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B.S.I. test bar, are given herewith — 

Ultimate stress .... 
Yield point . . . . . 

Elastic limit with permanent se^t . 

Proof stress with permanent set 

Elongation . . . . . 

Reduction of area 
Average Izod value 
Brinell number . . . . 

Modulus of elasticity 

Modulus of elasticity 


28-64 tons per sq. in. 
18-00 tons per sq. in. 

1 10-00115 in. on 2 in. 

/ 16-20 tons per sq. in. 
j 0-003 in. on 2 in. 

I 17-00 tons per sq. in. 

18-5 per cent. 

36-4 per cent. 

24 ft.-lb. 

114 

10 X 10® lb. per sq. in. 

in extension. 

10-63 X 10® lb. per sq. in. 
ill compression. 


The Brinell hardness varies with the quenching temperature and 
time period after quenching, as shown by the results given in Fig. 20. 



Deg cenTigrode 


Fig. 20. Effkct of Wateii Qufnching Duralumin in the “As 
Received" Condition 


It will be seen that the metal is in its softest condition as quenched 
from 360° C. immediately after quenching. Further, on quenching 
age-hardening duralumin from temperatures below 250° C. the 
hardness is reduced and there is no age-hardening effect. 

Duralumin is supplied in all forms in which steel is available, i.e. 
sheets, bars, tubes, girders, drop stampings and forgings of various 
kinds ; it cannot be cast satisfactorily. The metal is generally supplied 
in the age-hardened condition and for sheet metal bending and spinning 

3--(T.5303) n 
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purposes it is annealed by quenching at 360° to 380° C. immediately 
beforehand ; the annealing operation should be done as quickly as 
possible and with the minimum of “soaking’’ at the temperature 
mentioned. 

Duralumin sheets, rivets, wire, etc., that are to be cold-worked may 
be annealed and then stored in a refrigerator, when age-hardeniyig is 
postponed until the alloy is again exposed to normal air temperatures. 

Forging or hot stamping is effected on metal supplied in the 
untreated condition at temperatures between 420° and 440° C . ; a 
relatively slow period of heating to this temperature is desirable. 

Physical Properties of Duralumin 

The following particulars relate to the alloy (supplied b}^ Messrs. 
Vickers, Ltd.) — 

Specific gravity 
Coefficient of linear expansitHi 
Specific heat 
Thermal conductivity . 

Melting point 
Klectrical conductivity — 

Age -hardened . 

Annealed .... 

Young’s modulus of elasticity 
Briiiell liardm'ss-' - 

Annealed .... 

Age -hardened . 

Fatigue range 
Impact value 

Applications of Duralumin 

On account of its high strength -to -weight properties this alloy is 
employed in automobile and aircraft engineering constructions. It 
has been used for front axles, levers, bonnets, connecting rods, and 
even for chassis frames of automobiles. Its aircraft applications 
have included girders for airships, aeroplane airscrews, s})ars, clips, 
fittings, levers, etc. It is also employed in surgical and orthopaedic 
work, and for non-magnetic and other instrument parts. 

Corrosion of Duralumin 

Under certain conditions duralumin is liable to corrode. If kept 
quite dry it appears to be immune. It is affected only slightly by fresh 
water and is Icvss prone to attack by acidulated solutions than ( 3 rdinary 
steels. On the other hand, alkaline solutions have a more serious effect 
on duralumin than steel. Usually the products of corrosion occair 
in spots and in time “pits” are caused on the surfacjc. Unless the 
surface corrosion is removed by abrasive action some of the “pits” 


2-8 

22 fi X 10 « p(*r 
0-214 (water - 1-0) 

31 (silver — 100) 
fioO*^ C. 

33 35 per cent of copper 
39-41 per (ier»t of coppt’r 
10 X 10® lb. porsq. in. 

00 

100 

-h 9-5 tons per sq. in. 

15 fb.-lb. 
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may deepen or enlarges ; in the former method the strength of the 
metal may be affected. 

Duralumin in common with some other aluminium alloys is also 
liable to inter cry stalling corrosion. In this case the corrosion com- 
mences at the surface and penetrates the metal along the boundaries 
of the crystals. Unfortunately, from the point of view of inspection 
it does not produce any appreciable change of appearance of the 
metal. It has been found that this fcjrm of corrosion often commences 
at isolated points, a typical example’*' being that shown in Fig. 21. 
In this case the section was taken from a duralumin sheet which showed 
indications of corrosion, and it was found that intererystalline corrosion 
had started during storage of the original sheet, and during subsequent 
exposure of the anodically-treated sheet to marine conditions inter- 
crystalline corrosion had continued. 

The intererystalline type of corrosion is invariably ac(;ompanied 
by a marked decrease in tlie mechanical properties of the metal ; in 
the early stages the elongation values sh()\^' a marked reduction, and 
as corrosion proceeds the tensile strength is reduced substantially. 

It has also been pointed out l)y Sutton that the tendency to inter- 
crystalline corrosion appears to be affected by tlie nature of the h^'at- 
treatment and subsequent working of duralumin : thus, if it is softened 
by heating to 860' to 380^ (J. it is more susceptible to intererystalline 
attack. Other contributory influences include the temperature of the 
quenching mexlium, nature of the surface and deformation. 

Duralumin, in common with other aluminium alloys, can be effec- 
tively protected against surface corrosion by the methods (onsidered 
later in this (chapter. 

Super-duralumin 

It has been found possible, by a suitable modification of the 
composition of duralumin, to obtain alloys which will respond satis- 
factorily to precipitation heat-treatment, i.e. can be “aged'' artificially. 
Such alloys include M.T.E., B.H.T.A., Super-duralumin, etc. The 
percentage composition of the latter alloy is as follows : Cu, 4*25 ; 
Mn, 0*60; Si, ()*75 ; Mg, 0*50 ; A1 (the remainder). 

If this alloy is quencihed in water from 500° C. — which is a some- 
what higher temperature than for duralumin — it has a tensile strength, 
immediately after quenching, of 16*5 tons per sq. in. The alloy then 
age-hardens progressively until at the end of 72 hours after quenching 

* “Light Alloys from the Pt»int of View of Corrosion,” H. Sutton, Journ, 
Hoy. Aeron. iSociety (October, ll)2S). 
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Fro. 21. Skction o*' Duralitmin Shkkt, showincj Ixtkiujhvstalltne 
COHUO.SION. X 1 00 



Fig. 22. NiCKICL-PLATED DlTUALtJMIN, SHOWINCJ iNTEltCHVSTALLlNE 
CoiiRosioisr. X 100 
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the tensile strength increases to 26*5 tons per sq. in. This latter value, 
however, is no better than for duralumin. 

If, now, the alloy is subjected to precipitation heat-treatment by 
exposure for a certain period to temixjratures of 100'^ to 200° C., then 
it may be ‘‘aged*’ artificially so as to give appreciably better strength 
properties as illustrated by the results given in Table 30 and the 
graphs reproduced in Fig. 23.* 

Super-duralumin can be produced in the form of rods, sheets, 
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TABLE 30 

Effect of Precipitation Heat-treatment on the 
Mechanical Properties of Super-duralumin 


Precipitation 

Heat-treated 

12 hours at 

Yield Point 
Tons per sq. in. 

1 

i 

Maxiinuni Stress | 
Tons per sq. in. 1 

1 

Elongation 
per cent 

1 

100 

20-20 

27-5 ' 

15-0 

120 

21-50 

28-7 

12-0 

140 

2300 

29-5 

11-0 

165 

24-60 

30-35 

10-0 

165 

23-30 . 

28-75 

9-0 

175 

23-00 

28-0 

8-0 


* Ante, page 58, note. 




TABLE 31 

Compositions, Physical Properties and Applications of R.R. and Alloys 
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iVote. R.R.53C alloy. Fully heat-treated gives 19-22 tons per sq. in tensile strength* and 22-24 tons per sq. in.f with corre- 
sponding 01 per cent proof stress of 18-20* and 19-2 It tons per sq. in. respectively. 

* Sand cast. t Die cast, * Solution treated and aged. * Annealed. 
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strip, tubes, etc. ; it is also available in slightly modified composition 
for fabrication by hot forging and stamping. The forging and hot 
stamping temperatures lie between 480° and 600° C. 

Other Duralumin-derived AUosrs 

Just as Super-duralumin is an improved alloy derived essentially 
from duralumin by a modification of composition, so a number of other 
alloys having special advantages have been discovered as a result of 
intensive research work. In general such alloys require precipitation 
heat-treatment as distinct from ordinary age-hardening in order to 
develop their full strength properties. 

Two important groups of light aluminium alloys coming within this 
category of duralumin modified by the addition of other elements are 
the ‘‘R.R.” and “Y” alloys. The proportions of magnesium and 
silicon in this general class of alloys are changed so that a definite 
effect is produced upon the instability of the solid solution obtained 
by solution heat-treatment. 

The compositions, physical and mechanical properties, together 
with the typical applications and heat-treatments of these alloys, are 
given in Tables 31 and 32. 

The B.R. Alloys 

These high-strength alloys, the properties, applications and heat- 
treatments of which are given in Tables 31 and 32, are widely used 
for aircraft, automobile and other purposes where high strength-to- 
weight is required and, in the case of the R.R. 59 alloy, for high strength 
and hardness values at elevated temperatures. 

This group of light alloys was originated in the research laboratories 
of Messrs. Rolls Royce, Ltd., by Hall and Bradbury, and subsequently 
developed by High Duty Alloys, Ltd. They include the R.R. 60 
alloy for normal sand and die-castings ; R.R. 63 alloy for sand and die- 
castings for high-strength properties and use at elevated temper- 
atures; R.R. 53C alloy, a development of the R.R. 53 one, having 
similar high-strength properties, but with better ductility and resist- 
ance to impact and fatigue ; R.R. 66 alloy, a general purpose wrought 
alloy for forgings, stampings, pressings, sheets, extruded sections, 
strip, tube, etc. ; and R.R. 59 alloy for general purposes where high 
strength is required and with the additional benefits of high strength 
at elevated temperatures. 

All of these alloys are of the heat-treatable class and develop their 
full strength pro{)erties when suitably heat-treated by precipitation 
or solution treatments. 
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The R.R. 56 alloy heat-treatment process consists of two opera- 
tions, the first being known as the “solution** or “quenching** treat- 
ment, in which the material is heated to 525-535° C. for two to six 
hours and quenched in warm water at 70° C., cold water or oil. This 
operation leaves the material in a medium strength condition and 
with relatively good ductility ; for example, the maximum stress will 



24. Micro PHOTOGRAPHS ok thk Hidiminium R.R. Alloys 
KtCHKI) with 20 PKR CKNT HNO 3 . X of) 

be about 22-26 tons per sq. in., and the elongation per cent approxim- 
ately 15-20. The second operation consists of the “precipitation** or 
“ageing treatment,*’ i.e. heating to 165-180° C. for 20-25 hours (or, 
alternatively, 200° C. for two hours), followed by cooling in air or 
water. 

The fact that it is the second operation which produces the final 
high-strength condition has several important advantages. Since the 
material after the first quenching is not in a particularly hard condition, 
it can easily be cold-formed and can then be hardened by the relatively 
simple second operation which, because of the low temperature em- 
ployedj^ avoids any risk of distortion. Moreover, R.R. 56 alloy does 
not “age-harden** to any extent at ordinary room temperature 
after the quenching treatment, so that forming operations need 
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not be carried out ini mediately after the quenching. Hence manufac- 
turers who do not wish to install the necessary quenching furnace 
equipment can obtain their material in the quenched form, carry 
out the necessary manipulation and then ‘‘age-harden’^ it. The 
elevated “ageing” temperature is also an advantage, because it is of 
the same order as that used for enamelling and, therefore, this operation 



Fig. 25 . Typical Cylinder Head Castings in Hidttminium 
(ffiff/i Duty Alloys, Ltd.) 


can be undertaken without any danger of modifying the properties 
of the alloy. 

In order to reduce the alloy to its softest condition it should be 
annealed at 330-350^ C. for from one to four hours. 

The forging or hot fabrication of R.R. 56 alloy is carried out at 
350° to 400° C. R.R. 56 alloy possesses a similar degree of corrosion 
resistance to other aluminium alloys, but it can be improved by means 
of an anodic surface treatment which provides a hard adherent surface 
film of excellent corrosion resistance ; this protective film can be dyed 
with various finishes and colours. In regard to the tensile strength 
of R.R. 56 alloy at elevated temperatures, the values given in Table 
7, on page 16, show that at 20° C. a heat-treated specimen gave a 
value of 27 tons per sq. in., falling to 10 tons per sq. in. at 350° C. 
In this respect, whilst superior to most other alloys, it is appreciably 
less than for Y-alloy (13 tons per sq. in.), whilst its hardness is 
practically the same. 

In connection with the commercial applications of the R.R. 56 
alloy, in addition to those given, briefly, in Table 31, this alloy is 
now used extensively for aircraft frames and wing spars, ultra-light 
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bicycle frames and wheel rims, motor vehicle bodies, experimental 
railway coaches, bogies and frames, seat frameworks for various 
passenger vehicles, crane booms, fire escape towers or booms, etc.; 
in its extruded bar sections this alloy also has a large variety of in- 
dustrial uses. 

The R.R. 59 alloy belongs to the wrought light metal class and 



Kio. 26. Cylindkh IIlock and Crankcase Casting in Hidcminicm 

Alloy 

Duty Alloys y Ltd.) 


was evolved for parts subjected in service to high stress at elevated 
temperatures. It possesses mechanical properties at normal working 
temperatures approaching those of R.R. 56 and has similar hot 
working properties. These qualities, combined with excellent mechan- 
ical properties at elevated temperatures, high thermal conductivity 
and low friction coefficient, make the alloy an ideal material for use 
in the manufacture of all t 3 rpes of internal combustion engine pistons. 
It is regularly employed for all classes of pistons, ranging from the 
smallest motor cycle to the largest compression ignition engine, and is 
the standardized material for this purpose in a large proportion of 
the aircraft engines manufactured in this country. 

In regard to the properties of this alloy at elevated temperatures 
the results of some tests made by the manufacturers are given in 
Table 33 for test bars forged from in. diameter bar, heat-treated. 




Fig. 27. So.we Typical Castings of Aircraft Engine Components Made in Hidcminium 

{High Duty Alloys, Ltd.) 
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TABLE 33 

Properties of R.R. 59 Alloy at Elevated Temperatures 


Temperature 

Ultimate Stress 
Tons per sq. in. 

BrineJl Hardness ; 
at Temperature) ^ 

lirinell Hardness 
after Cooling 

^C. 1 

{ 



20 

280 

134 


200 

21-5 1 

no 

134 

250 

19-5 

87 

125 

300 

130 

52 

90 

350 

8-0 

27 

75 

400 

— 

12 
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High-strength Wrought Structural Alloy 

A wrought alloy of the Hiduminiurn group, known as R.R. 77, of 
somewhat different composition from other strong light alloys, 
possesses strength-for- weight properties exceeding those ^ of high- 
tensile steel alloys. The alloy represents the result of prolonged 
research and, besides its high-strength properties, it possesses excellent 
ductility, fatigue resistance and electrical and thermal condu ’tivity. 
Available in various wrought forms it has been used chiefly as extru- 
sions which enable full advantage to be taken of its high-strength 
properties. 

For the hot working and, to a lesser extent, the heat-treatment 
of this alloy, rather different conditions hold as compared with the 
better-known Hiduminiurn alloys. 

Parts fabricated from this alloy by special operations evolved for 
their production possess greater uniformity of properties in different 
sections and in different directions of flow than it has been possible 
to obtain in other wrought light alloys. 

The percentage composition is as follows: Cu, 1-5 to 3*0; Zn, 
4*0 to 60; Mg, 2*0 to 4-0; Fe, 0*6 (max.); Si, 0*6 (max); Ni, 1*0 
(max.); Ti, 0*3 (max.) ; Al (remainder). 

The heat-treatment is as follows — 

Solution treatment: 2 to 3 hours at 455® to 465® C., followed by 
quenching in water. 

Precipitation treatment: 15 to 20 hours at 130® to 140® C., followed 
by cooling in air. 

Test bars forged to IJin. diameter and machined to specimen 
sizes gave a tensile strength of 33 to 38 tons per sq. in. with 16 to 10 
per cent elongation on 2 in. The 0*1 per cent proof stress value was 
28 to 33 tons per sq. in. The endurance limit at 20 X 10® cycles was 
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± 12*5 to 13 0 tons per sq. in. The Brinell hardness value was 160 
to 180. These results refer to the alloy in the solution-treated and 
artificially aged condition. When annealed the tensile strength was 
12 to 14 tons per sq. in., with 20 to 14 per cent elongation. 

Y-AUoy 

This important high-strength aluminium alloy was developed at 
the National Physical Laboratory, Teddington, from the binary copper- 



Fig. 28. A Group or Hiduminujm H.R. Alloy Stampings 


aluminium alloy by small additions of nickel, magnesium, silicon and 
iron. A typical percentage composition is as follows : Cu, 4*0 ; Ni, 
2*0; Mg, 1*5 ; Si, 0-6 (max.) ; Fe, 0-6 (max.) ; A1 (remainder). 

This alloy is heat-treated by quenching in hot water from 510° 
to 525° C., and either aged at room temperature or by precipitation 
treatment at 100° to 200° C. 

The particular composition alloy mentioned has a minimum tensile 
strength of 24 tons per sq. in. with a minimum elongation of 15 per 
cent. The 0-1 i^er cent proof stress value is 14 tons per sq. in. 
(minimum). 

Y-alloy is generally employed as forgings or parts machined from 
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bars, but it can be sand and chill cast. In the heat-treated state 
specimens from sand cast bars have a 0-1 per cent proof stress value 
of 13 to 14 tons per sq. in., tensile strength of 14 to 15 tons per sq. in. 
with about 1 per cent elongation on 2 in., and Brinell hardness of 95 
to 103. The chill cast alloy gives corresponding values of 14 to 15*5, 



Fkj. 21 ). Strength Properties of Cast ano Rolled Y-alloy at 
Different Tempe rat dues 

18 to 20, 2 to 4 and 95 to 105 respectively. Fig. 29 shows the tensile 
strength and elongation properties of rolled and cast Y-alloy at elevated 
temperatures ; the lower chain-dotted graphs refer to the elongations 
corresponding to the. tensile strength full line curves above. 

It should be mentioned that the actual strength properties vary 
somewhat with the composition and size of casting, but in general 
do not depart very appreciably from the values given p^eviousl3^ 

In regard to the strength of Y-alloy at elevated temperatures it is 
about, the best of known aluminium alloys and for this reason is much 
used in aircraft engines for cylinder heads and pistons. In the case 
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of the Bristol air-cooled radial engines the cylinder heads are machined 
from solid forgings (Fig. 30). 

Y-alloy is annealed, in the wrought state, by heating it to 350° 
to 400° C. and allowing it to cool in the air. 

Hot working of this alloy should be carried out at 480° to 500° G. 



Fig. 30. {Left) Fokged Y*alloy, Bristol Aircraft Engine Cylinder 
Head. {Right) Machined Head Ready for Screwing on to Steel 
Cylinder Barrel 


Y-alloy is next to the 12 per cent silicon -aluminium alloy in regard 
to hot-shortness and it possesses good casting qualities. In this con- 
nection the following test values are of interest — 


TABLE 34 

Hot-shortness of Aluminium Alloys near their 
Melting Points 


Alloy 

Temperature Fall in 
'’C. before Energy to 
Fracture is 10-9 ft.-lb. 

Energy in ft.-lb. to 
Fracture at 5° C. below 
Melting Point 

1 2 per cent silicon 

3 

10-9 

Y-alloy 

11 

4-7 

8 per cent copper alloy 

24 

0-7 

2L.,5 

4.5 

0-5 


Heat-treatment and Age-hardening 

The heat-treatment temperature range of Y-alloy is 500°-520° C. ; 
this is higher than for duralumin. 

It has been found that the mulBBie furnace is the best medium for 
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heat-treating Y-alloy. The period of treatment at 500'^-520° C. 
required to bring about solution of age-hardening constituents depends 
on the fineness of grain and distribution of constituents. For chill - 
cast bars, 1 in. diameter, about 6 hours is required. For coarser grain 
material a longer period becomes necessary, whilst for large sand- 
oastings 24 hours or more may be required. In all cases the period of 



Fig. 31 . Y-at.loy, Chili. Cast 1 in. Diameter Bar, as Cast 


treatment at 500^-520'' C. (solution treatment) must be regulated in 
relation to the micro-structure. Treatment at the temperature 500°- 
520° C. is followed by quenching in boiling water. After quenching, 
age-hardening at room temperature is substantially complete in 5 days. 

Age-hardening can be accelerated by retaining the alloy immersed 
in the water at boiling temperature after quenching. Under these 
conditions age-hardening is substantially complete in from \ hour for 
the wrought to 2 hours for the cast alloy. 

By subjecting normally heat-treated material, cast or wrought, 
to temperatures between 150°-250° C. the tensile strength and hardness 
are substantially increased, but the ductility is diminished. Above 
250° C. permanent softening results. 

Structure of Y-AUoy 

The microstructure differs somewhat from that of duralumin. 
The copper-aluminium compound CuAlg does not exist in Y-alloy, 
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Fig. 32. Y-ai.loy. Ohill Oast 1 in. Diametkb Bak 
Hkat-tkeated at 520^ C. 
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but instead there is a more complex compound of copper, with nickel 
and aluminium, together with the nickel-aluminium compound XiAlj. 

The structure* of Y-alloy in the chill cast state, illustrated in 
Figs. 31, 32, and 33, shows an almost complete network of the 
various constituents in a ground mass of substantially pure aluminium. 
Heat-treatment properly carried out brings about changes in these 
constituents together with partial solution in the aluminium, and as 
a result the continuity of the network is broken and free constituents 
become rounded in outline and ^‘balled-up.” Fig. 33 shows the 



Klf}. .’U. V-ALT.OY (^YLIXnKH HeAD OF BRISTOL AiRCKAFT 
Kncjink, showing Bronze Valve Heatings 

structure of the heat-treated cast alloy under higher power. Three 
constituents are to be seen — the whit€ aluminium matrix, the half-tone 
copper-nickel-alurninium compound, and the durk compound NiAlg. 

Bronze Inserts in Y-Alloy Cylinder Heads 

Owing to the fact that the expansion coefficient of Y-alloy, in 
common with other high-strength aluminium alloys, is nearly 3 times 
that of steel it is not satisfactory to employ ordinary alloy steels for 
valve seating and sparking plug ring inserts in cylinder heads of such 
alloys. These inserts are therefore made in nickel-aluminium-bronze 
which has a similar expansion coefficient combined with satisfactory 
hardness and resistance to scaling effects. 

A later alternative material for these inserts is an austenitic steel 
of the nickel-manganese-chrome steel class, having about the same 

♦ “Aluminium Alloy ‘Y,’ ” Archbutt, The Nickel Bulletin, No. 7. Vol. 3 
(July, 1930). 
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expansion coefficient as Y-alloy. These cold insert rings are inserted 
into the heated cylinder head so as to produce a shrinkage or inter- 
ference fit. 

Petrol Engine Castings 

Aluminium alloys, on account of their high strength-to-weight 
proj)erties, excellent thermal conductivity, and the ease with which 



A simple “pot- type’’ 
alloy piston for low 
output engines 



Inclined internal 
struts are a B.H.B. 
characteristic 



A slit-skirt design with 
rc'in forced gudgemn pin 
bosses 



The Aerolite piston 
with stiffening flutes 
and webs 



One of the Covmo 
range, with cutaway 
skirt and ribbing 



The Inv^ar-Strut con- 
trolled -clearance piston : 
a neat design 


Fio. 35. ExAMpnKS of Aluminium Alloy Pistons 
(Courtesy British Aluminium Co., Ltd.) 


most of the modern ones can be sand and die-cast, are widely used for 
parts such as cylinder blocks and heads, pistons, and crankcases. 

As it is necessary to provide sufficient strength at the usual working 
temperature, only those alloys having suitable strength properties at 
these temperatures are satisfactory. Such alloys include the copper- 
aluminium ones, of which 3L.11 with 7 per cent copper and a tensile 
strength of about 9 tons per sq. in. is an example ; R.R. casting alloys 
previously described and a number of proprietary alloys, such as 
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Alpax, Ceralumin, Wilmil, B.A. and N.A. casting alloys, and those 
to B.S.I. and D.T.I). specifications. 

For pistons the usual alloys are Y-alloys, R.R.53 and R.R.59. 
Typical examples of aluminium alloy pistons are given in Fig. 35. 
Fig. 36 is a part-sectional view of the cylinder head of the Wright 



Fig. 3 (). Wright “Cyclonk ” Aluminu m .Alloy Cylinder Head 

“Cyclone’' aircraft engine. This has a sand-east aluminium alloy head 
with nickel-aluminium-bronze valve inlet and stainless steel exhaust 
seating rings shrunk into place. The cylinder barrel is of a Nitralloy 
steel. 

A good example of an intricate large aluminium alloy casting is 
that of the Napier “Culverin” twelve-cylinder (double-six) aircraft 
engine shown in Fig. 37. 

Two typical examples* of automobile engine crankcases are those 
shown in Figs. 38 and 39, whilst a cleanly -east crankcase sump is 
illustrated in Fig. 40. 


* Courtesy British Aluminium Co., Ltd. 
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Corrosion o! Aluminium Alloys 

All of the light aluminium alloys are subject to corrosion under 
atmospheric and salt water conditions, but some are much more 
resistant to these corrosive influences than others. They are, however. 



Fig. 37. Aluminium Alloy Cylindeb Block and Crankcase Unit 
FOR Napier Twelve -cylinder “Culverin” Aircraft Engine 
{High Duty Alloys, Ltd.) 

no worse than ordinary steels in this respect. Pure aluminium is more 
resistant in air than its alloys, the surface of the metal becoming 
coated with a thin layer of practically colourless oxide which acts as 
a protective medium against further atmospheric corrosion. It is on 
this account that light alloy sheets are frequently treated so as to give 
a thin layer of pure aluminium (as in Alclad) or of aluminium oxide 
(as in the anodizing process). 
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The tendency of duralumin and certain other alloys to intercrystal- 
line corrosion has already been referred to. It may here be added that 
alloys which have been precipitated are more susceptible to this form 
of corrosion. In regard to the general effect of sea-water or spray upon 
aluminium and its alloys the chlorides appear to be the chief cause of 
corrosion. The areas affected are usually localized and deep pits occur. 

At these places the chlorine ions coming into contact with the 
aluminium form the chloride salt of this metal. This salt, in contact 
with water, hydrolyses, forming aluminium hydroxide and hydro- 
chloric acid. The latter reacts with further quantities of aluminium 
so that a cycle of reactions is maintained; in this manner a small 
amount of chloride can affect detrimentally a relatively large area of 
aluminium. 

Another important factor is that of differential aeration ; the effect 
of restricted access of oxygen to a particular area of metal is to con- 
centrate corrosion in that area. 

Where an aluminium alloy is in metallic contact with another metal, 
such as steel or brass, an electrolytical action occurs in the presence of 
moisture and corrosion effects follow. In this connection aluminium 
is electropositive to other common metals, with the exception of 
magnesium. 

In some cases corrosion, commencing at the junction of the tw^o 
metals, has been found to spread internally in aluminium sheet, 
causing long blisters to radiate from the contact area. One method of 
obviating or greatly reducing such corrosion is to zinc coat all copper, 
brass, bronze, and steel articles in contact with aluminium or its 
alloys, since zinc and aluminium are very close together in the electro- 
chemical series, shown in Table 35. 


TABLE 35 

Electrochemical Series of Metals 


1. Caesium 

2. Rubidium 

3. Potassium 

4. Sodium 
.5. Lithimn 

6. Barium 

7. Strontium 

8. Calcium 

9. Magnesium 

10. Aluminium 

11. Chromium 


12. Manganese 

13. Zinc 

14. Cadmium 

15. Iron 

16. Cobalt 

17. Nickel 

18. Tin 

19. Lead 

20. (Hydrogen) 

21. Antimony 

22. Bismuth 


23. Arsenic; 

24. Copper 

25. Mercury 

26. Silver 

27. Palladium 

28. Platinum 

29. Cold 

30. Iridium 

31. Rhodium 
32.. Osmium 


In this table each metal is electropositive to any other metal having the 
greater number before it, or below the metal in the table. 
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Aluminium and its alloys are attacked by alkaline solutions, e.g. 
caustic soda, caustic potash and sodium carbonate. 

Nature of Alloy and Corrosion Resistance 

As stated previously, some of the light alloys of aluminium are 
more resistant than others to corrosive influences. The wrought alloys 
corrode to a lesser extent than steels with the exception of the stainless 
class. 

It has been established that none of the alloys which owe their 
hardening to the presence of copper and magnesium, with silicon also, 
and submitted to a hardening treatment involving the breakdown of 
the quenched solid solution is very resistant to corrosion. On the 
other hand, in the solution heat-treated condition such alloys have 
a resistance to corrosion at least as good as that of pure aluminium. 

Typical corrosion-resisting alloys in this class are duralumin “H*' 
and the clad metal, known as “Duralplat.’’ These alloys contain 
magnesium and silicon, whilst the surface layer of the latter contains 
manganese as well. It has also been shown* that if an alloy contains 
a solid solution which is not stable the resistance to corrosion is lessened 
considerably. Thus, the alloys in which the solid solution is broken 
down by precipitation heat-treatment above 125° C. have a con- 
siderably low^er corrosion resistance than those alloys in wliich the solid 
solution is unstable at room temperatures and which age completely 
at that temperature. The corrosion resistance of duralumin, whilst 
being inferior to pure aluminium, is much greater than that possessed 
by alloys which have been artificially aged by precipitation at temper- 
atures above 125° C. In this connection those alloys of the “R.R.’* 
group are inferior to duralumin. 

It has been suggested as a result of much research that the resistance 
to corrosion of alloys which have been submitted to artificial ageing 
is very nearly inversely ,proportional to the proof stress of the fully heat- 
treated material. 

Some Corrosion-resistant Alloys 

In view of these facts it has become necessary to investigate other 
aluminium alloys with a view to obtaining a satisfactory combination 
of strength and corrosion resistance; as a result of such researches 
certain promising alloys have been discovered and these are now* avail- 
able commercially. 

Notable among these alloys is the alummium-magnesium one 
having 7 per cent of magnesium and 0-25 per cent of manganese. This 

*Ante, page 61 , note. 
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is a non-lieat-treatable alloy having a high resistance to corrosion by 
marine atmospheres and salt waters. This alloy is available in all the 
forms of duralumin and is also used for rivets. It is known, com- 
mercially, as MG.7 alloy. 

Another corrosion-resistant alloy of the same series has 2^ per cent 
of magnesium and 0-25 per cent of manganese.* 

The introduction of chromium into some of the aluminium-mag- 
nesium alloys has been found to improve still further their corrosion 
resistance. 

Another alloy of the aluminium-magnesium series is that known 
as Birrruibright, This contains 3*5 per cent of magnesium and is used 
for sheet metal parts of boats, e.g. the outer plates of Ijmall boats, 
motor boats, etc. 

A low-strength alloy of the non-heat-treatable class possessing 
practically the corrosion resistance qualities of pure aluminium is 
Hiduminium 15, containing 1*0 to 1*5 per cent manganese, the remainder 
being aluminium. It is supplied in soft, half-hard and hard sheets and 
in the two former tempers has very good cold-working qualities. It 
has corresponding tensile strengths of 6*5 to 7*5, 8 to 11, and 12 to lb 
tons i^er sq. in. rcspectiv^ely. In the soft state the elongation is 25 to 
40 per cent ; in the hard state it is 3 to 6 per cent. 

For medium -strength properties, Hiduminium 33 has excellent 
resistance to corrosion. It contains 2*6 to 3*3 per cent magnesium, 
1-0 to 1*5 per cent manganese and 0*2 per cent titanium. In the soft, 
half-hard and hard conditions the tensile strengths are 15 to 17, 
20 to 22 and 22 to 26 tons per sq. in. respectively. The corresponding 
elongations are 15 to 25, 5 to 8 and 3 to 5 per cent, on 2 in. The 
average Brinell hardnesses are 50, 75 and 100, respectively. 

A stronger corrosion -resistant alloy is Hiduminium 35 which in 
the hard state — obtained by cold-working — is from 26 to 30 tons per 
sq. in. with 5 to 2 per cent elongation, and a Brinell hardness of 100 
to 120. 

There are now several other Hiduminium and proprietary makes 
of aluminium alloys for cast and wrought conditions possessing good 
resistance to corrosion. 

Oxide-coated Aluminium Pistons 

The ordinary aluminium alloy pistons used in automobile engines 
are more prone to wear and “scuffing” action than the earlier cast- 
iron ones which they replaced. In order to overcome this drawback 
and to produce pistons which are practically immune from wear, the 

* See also page 44. 
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alloy aluminium piston is now given a surface coating which is very 
hard and can neither be scratched nor scuffed. 

The pistons are immersed in a tank containing a solution of sul- 
phuric acid. This solution is maintained at a temperature of 70° F. 
While in the solution, the piston, carried on a conveyor, is the anode 
for the coating operation. It emerges from the tank with an aluminium 
oxide surface approximately 0-00025 in. thick ; aluminium oxide is 
one of the hardest substances known to metallurgy. 

In the electro- coating process, the piston rings and piston pin hole 
are treated as well as the piston itself. Once the unit has received its 
coating of aluminium oxide, further work cannot be performed as 
the surface is too hard for any tool. The coating is done in a cold 
solution, and there is consequently no distortion of the piston during 
the process. 

Clad Aluminium Alloys 

These alloys, which are in the sheet form, are protected against 
corrosion by having a superficial layer of pure aluminium on each 
side ; as stated previously, aluminium itself has very good corrosion 
resistance properties. Typical examples of commercial “clad” Hoys 
are Alclad* and Aldural.f 

Aldad consists of a core of strong heat-treated aluminium alloy 
comprising approximately 90 per cent of the thickness, leaving about 
5 per cent on each side of jnire aluminium. There are three distinct 
zones, namely, the pure aluminium one, the junction between the 
aluminium and base metal, and the base metal itself. 

The junction of the base metal and coating represents an alloying 
of the two as shown by the photomicrograph of a typical sheet metal 
section shown in Fig. 41. The aluminium coating not only resists 
corrosion and prevents contact of the corroding media with the core, 
but since pure aluminium has a higher solution potential than the core 
alloy, in the presence of moisture the latter will be preserved at the 
expense of a small amount of the coating. 

This electrolytic protection extends to the cut edges of the sheet 
and also to rivets and bolts of aluminium alloy or to deep scratches 
or abrasions. Cases have been known of flying boats in which, through 
constant beaching, the greater part of the aluminium coating has been 
worn away, yet the duralumin core still remained unaffected by the 
salt water. 


* Northern Aluminium Co. Ltd. 
t James Booth & Co. Ltd. 
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In the workshop, rather more care than usual is perhaps needed 
in handling Alclad to prevent scratching and damaging the soft outer 
coat, but in view of the foregoing remarks it will be appreciated that 
scratches do not seriously affect the corrosion resistance. In bending 
and flanging operations which involve the stretching and compression 
of the outer fibres of the material the ductile coating on this material 



Fig. 41. Photomicrograph of Alclad Sheet, 16 S.W.CL 
X 40 

enables sheet to be formed over a sharper radius than is usually 
possible with uncoated sheet of the same gauge. 

There may be several methods used in the production of Alclad, 
but essentially the process consists of rolling on to the two outer 
surfaces of an ingot of strong alloy two plates of pure aluminium. 
The plates may be affixed during the casting of the ingot or during 
the hot rolling process but in either case the main welding of the two 
materials occurs during hot rolling and is consolidated in the sub- 
sequent cold rolling and thermal treatments. 

The core alloy used is frequently of the duralumin type as in the 
British Standard Specification L.38 but there are other Alclad alloys 
with core materials of either the single or double heat-treated types. 
More recently there has been produced a “clad’' alloy known as 
Alclad NA.23S conforming to specification D.T.D.390 which was 
designed especklly to combine the corrosion resistance of Alclad with 
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the strength of uncoated duralumin (B.S.S.5L.3) yet to possess the 
ductility of B.S.S.L.38 sheet and strip. 

Aldural is an aluminium-clad duralumin alloy sheet with a thickness 
of about 5 per cent of pure aluminium on either surface. The resultant 
product is only slightly inferior in mechanical strength properties to 
the core alloy. As with Alclad the aluminium is cathodic to the 
duralumin and therefore confers electrolytic protection on the latter, 
so that there is no preferential corrosion at cut edges or at holes. 
Moreover, when this clad metal is riveted with duralumin rivets the 



Fig. 42. Showing Junction of the Puhe Aluminium Coating with 
Corf. Alloy, in Alclad x 100 


heads of the latter are protected, electrolytically, by the aluminium 
surface. 

Aldural conforms to the Air Ministry specification 2L.38, while 
the D.T.D. 390 specification covers the “Aldural G*’ alloy; this has 
a stronger core than the former alloy sheet. The following are the 
minimum specified mechanical properties. 


TABLE 36 

Properties of Aldural Clad Alloys 


Aldural | 

()• 1 % Proof Stress i 

Maximum Stress 

Elongation 

SpecMficatioii | 

Tons per sq. in. 

Tons per sq. in. 

pt>r cent 

2L.38 

13-5 

240 

15-0 

D.T.D.390 . 

150 

250 

150 


In regard to heat-treatment the composite alloy is dealt with in 
exactly the same manner as duralumin. 

Duralplut is an aluminium alloy sheet of the duralumin class 
coated on either side with a corrosion-resisting alloy containing mag- 
nesium, manganese and silicon. It has a proof stress of 17 to 18 tons 
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per sq. in., tensile strength of 26 to 27 tons per sq. in. and elongation 
of about 17 to 18 per cent. After 150 days’ exposure to a salt water 
spray the proof stress is diminished only by about 5 per cent. 

Protection of Aluminium Alloys 

When aluminium alloys are used in places where they become 
exposed to atmospheric and sea air and other corrosive influences, it is 
necessary — as in the parallel instance of steel — to protect the surfaces 
either by suitable coatings of organic materials or by chemical methods, 
such as anodizing. The protective media, if in the form of paints, 
enamels, varnishes, etc., must be of a neutral character in relation to 
the alloy, so that no acid or alkaline action can occur. The 'cellulose 
and synthetic resin varnishes and paints afford good protective value. 

As the surfaces of many light alloy ])arts are usually smooth they 
do not give good adherent media for paints and varnishes, so that it is 
an advantage to sand-blast, frost or otherwise obtain a matt surface 
for better adherence of the protective materials. 

The M.B.V. Process. The M.B.V. process of surface preparation is to 
immerse the aluminium alloy articles in a boiling solution consisting 
of 5 per cent sodium carbonate plus 1*5 per cent sodium chromate 
for 3 minutes, followed by vashitig in water and drying. The effect 
of this treatment is to give a thin grey film which is an excellent key 
for paint or varnish. The surfaces to be protected must be entirely 
free from grease. In the application of the protective material a 
spray gun is recommended. 

Except, perhaps, in the case of non -heat- treatable alloys stove- 
enamelling or baking ]:)rocesses for (jertain of the synthetic resin paints 
and varnishes should not be used, since the higher temperatures will 
usually affect the heat -treatment results previously obtained. Cold 
synthetic resins are now available which give satisfactory results. Low 
temperature stove -finishing s^mthctic lacquers can be used in certain 
instances and in this respect the stoving temperatures are about 120^^ 
to 150° C. 

In connection with the general use of paints, enamels, lacquers, 
etc., the principal objection to these for light alloy protection is that 
they have a relatively low resistance to surface abrasion, scratching, 
etc., so that for parts liable to rough usage the metal below may 
become exposed, locally, to outside corrosive influences. 

Plating Methods. Aluminium and its alloys are difficult to nickel or 
chromium plate, but methods now available have been applied success- 
fully to certain articles, including domestic aluminium ware. When 
parts are nickel-plated it is sometimes necessary to heat them to about 
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260° C. in order to produce an intermediate layer of alloy rich in the 
plating metal. When chromium is employed, it should not he applied 
to the aluminium allqy direct — ^since fine hair cracks occur — but over a 
basic nickel coating. 

Metal Sprayirt^ Method. Another method of protecting aluminium 
alloys is by the Schoop metal spraying process in which a ribbon of the 
protective metal; e.g. zinc, lead or aluminium is fed into a special design 
of spray gun where the metal is melted and sprayed on to the alloy 
by compressed air. This method has been employed to coat alloy sheets 
with pure aluminium as in the Alclad process. 

The Anodizing Method. The anodizing method previously referred 
to is now more widely employed than most others. It was originated 
by Dr. C. D. Bengough and J. M. Stuart in 1921-24,* and depends 
upon a chemical method of obtaining a protective film of aluminium 
oxide or hydroxide by making the metal the anode in a bath of dilute 
chromic acid and using a carbon cathode (subsequently a stainless 
steel cathode was used with success). The process is suitable only for 
aluminium and aluminium alloys, so that the anodic film is composed 
almost entirely of aluminium oxide in a glassy adherent form. 

The anodic oxidation of aluminium has a marked influence on 
bending tests for thin sheets, increasing the permissible radius of the 
bends in both longitudinal and transverse directions, but without 
substantially altering the tensile strength of the material. 

The anodic process is widely adopted for the protection of alu- 
minium used in aircraft construction. It is also used to produce finishes 
of pleasing colours. A further use is to increase the surface hardness of 
aluminium pistons ; it gives a thicker coating than the first process 
described on page 86. 

The electrolyte consists of 3 cent (4iromi(i acid solution and 
is worked at a temperature of 40° C. It is contained in a plain iron 
tank heated by steam coils, gas burners or electric elements. Water 
coils have also to be provided to maintain the temperature at the 
correct value. Agitation is desirable to prevent local overheating of 
the electrolyte. 

Aluminium sheet requires a current density of from 3 to 3*6 amps, 
per sq. ft., but the maximum current density may vary considerably, 
according to the composition of the articles treated. 

As in all electrolytic processes the aluminium must be chemically 
clean before the anodic oxidation is begun. It is cleaned by simple 

* A full account is given in publication on “The Anodic Oxidation of 
Aluminium and Its Alloys as a Protection against Corrosion,” H,M, Stationery 
Office, London (Is. 3d.). 



90 


ENGINEERING MATERIALS 


immersion in a hot solution of “Zonax” metal cleaner of a strength 
of 8 oz. per gallon, contained in a plain iron tank. Should any heavy 
polishing composition or grease be present, the pieces should be 
swabbed with a cotton mop. They are then well swilled and put 
into the anodic solution. 

They must be suspended by aluminium wire or duralumin rod. 
Should any other metal be put in the solution anodizing will not 
occur as the foreign metals will take all the current. 

The voltage across the bath terminals is raised gradually from 
0 to 40 in about 15 minutes, maintained at 40 for 35 minutes, raised 
to 50 in a period of 5 minutes and maintained at this value for a 
further 5 minutes. 

Acid Anodizing Method. Another method, known as the acid 
anodizing process, is sometimes employed and utilizes sulphuric acid 
solution as the electrolyte with a lead cathode ; it is similar to the 
process given on page 85. The solution is contained in a lead-lined 
container with means for getting rid of the hydrogen formed. The 
voltage across the bath terminals is about 15 and the current density 
15 amps, per sq. ft. The method gives a very hard skin and for this 
reason is sometimes used for anodic coating of aluminium pistons. 
Anodized alloys can readily be coloured by means of aniline dyes 
immediately after the oxidation of the metal. The dyes or pigments 
used should be fast to light and weather conditions. 

Temporary Protective Materials 

Aluminium alloys in storage are usually protected by means of 
preservatives employing solutions of wool fat or anhydrous lanolin. 
Even after anodizing it is advantageous to protect stored parts in this 
manner. If zinc or barium chromate is added to lanolin an appreci- 
ably greater measure of protection is secured. An important advance 
in aircraft component protection* is that of resin or wax-hardened 
lanolin preparations containing a pigment. The solvent may consist 
of equal parts of white spirit and naphtha to which is added about 
40 per cent of 60-40 mixture of lanolin and resin or wax-hardening 
medium. A special zinc chromate pigment together with a small pro- 
portion of kaolin is introduced to prevent caking. This protective 
medium can be applied by spraying or brushing. It has the advan- 
tages, therefore, of ease of application and lightness, since the weight 
of resin-hardened lanolin film is only about 0-6 oz. per sq. yd. In 
the case of a large flying boat if this protective medium is used 

* “Some Corrosion Problems Relating to Modem Aircraft,’’ A. J. Sidery 
and J. W. W. Willstrop, Journ. Roy. Aeron. Soc., 19th January, 1939. 
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instead of pigmented varnish or enamel the weight of the coating can 
be reduced from about 400 lb. to 120 lb. 

Corrosion of Riveted Joints 

Experience has indicated that corrosion occurs at riveted joints 
in the aluminium alloy plating of flying boat hulls and floats. If, 
however, aluminium clad sheet, such as Alclad or Aldur, is employed 
in conjunction with anodized duralumin rivets this difficulty may be 
overcome satisfactorily. 

Aluminium Sheet Metal Work 

Aluminium and many of its alloys are admirably adapted to sheet 
metal work on account of their lightness, the ease with which they 
can be worked, and their low cost; with the exception of sheet-iron, 
aluminium is probably the chea}>est metal on the market. 

It can be obtained in a variety of grades, from dead-soft to hard- 
rolled, and each grade can be chosen so as to suit the requirement of 
the object to be made. Sheets may be finished with any degree of 
polish or frosting, and the finish is more or less permanent. 

The applications of sheet aluminium include aircraft engine cow ling, 
fairing, panels, and general body parts ; automobile body work ; 
railway coach work ; lamps (spinnings) ; pressings, and numerous 
other purposes. 

The following brief notes refer to some of the commercial aluminium 
sheet metal fabrication processes.* 

(1) Blanking. For moderate numbers of blanks cast alloy iron 
dies are used, with or without a hardened steel insert. For limited 
numbers of blanks mild steel dies are used. 

The clearance between the punch and die is important if blanks 
with smooth edges are required. As a general rule the difierence 
between the diameters of the punch and die should lie between 10 per 
cent and 16 per cent of the thickness of the aluminium sheet. The use 
of a lubricant, such as paraffin, is recommended to prolong the life 
of the die and give clean blanks. 

(2) Pressing and Drawing. The dies used are generally of hardened 
tool or chrome steel and are given a high surface finish in order to 
prevent clinging of the aluminium. A slightly tapered punch is recom- 
mended to facilitate stripping. 

An important factor in punch and die design is the relation between 
the radii of the edges of the tools and the metal sheet thickness ; as 

* Recoinmonded by British Aluminium Co. 

4— (T.5303) 11 
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a general rule the punch radius is made equal to between 6 and 10 
times the metal thickness. 

The clearance between the punch and die should be at least 5 per 
cent greater than the thickness of the metal. For the final operation 
of a series, dies are sometimes made with a clearance of less than the 
thickness of the metal to give a smooth hard surface to the pressing, 
but with a slight reduction in thickness. 

For pressings and deep drawing it is important to employ a suitable 
lubricant. For shallow^ drawing, stamping and blanking, paraffin is 
used, but for deep drawing and pressings vaseline or lard oil should 
be employed. 

In regard to the number of draws or passes, the reduction in dia- 
meter is governed by the strength and thickness of the metal. As a 
rule it may be assumed that for a single operation draw a reduction 
up to 50 per cent of the blank diameter can be obtained. For multi])le 
operations a first reduction draw of 48 per cent (ian be followed by 
subsequent reductions of 30 per cent, 25 per cent and 20 per cent, but 
the actual values will depend upon the nature of the work, the temper 
of the metal and amount of ironing given to it. 

Pime aluminium of soft temper is most suitable for heavy single 
operation draws and dome-shaj)ed pressings. For multiple operations 
half-hard or even hard temper is preferable, since after the first 
operations such tempers will often withstand more severe reductions 
than soft temper; on the other hand, hard temper aluminium is 
more liable to wrinkling and therefore requires greater pressure on the 
pressing ring. Intermediate annealing is seldom necessary, but if 
final ductility is required for, say, a final beading operation, material 
of hard temper is advised in order to avoid excessive grain grow th in 
the least w^orked portions at the base of the cup. 

(3) Spinning. Where a small number of symmetrical slieet metal 
parts is required, spinning is much cheaper than pressing, owing to 
the relatively high cost of the dies. Spinning is earned out on the soft- 
temper metal in a simple kind of lathe using a series of hand tools to 
deform the circular blank as the latter is rotated by the lathe chuck. 
Usually, the metal blank is held tightly against the rotating former 
or chuck by means of a wooden centre-piece carried by the tails tock 
of the lathe and the necessary pressure for forming is applied by a 
lever motion of the tool acting against a pin on the lathe bed rest. 

With aluminium the speed of rotation should be high, a peripheral 
speed of about 3000 ft. per min. being used. Thus for work of 3 in. 
to Gin. diameter the chuck speed of rotation would be about 2000 
r.p.m. ; for work of 15 in. to 20 in, diameter, SOOr.p.m.; and so on. 
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In regard to the size of work that can be spun by hand, it is not 
unusual for blanks up to b ft. diameter to be used for spinnings. The 
chuck is usually made of beech for short runs, but boxwood or lignum 
vitae chucks have a much longer useful life. For permanent chucks, 
iron or aluminium alloy would be used. In many cases split chucks 
are used so that the work can readily be removed when the spinning 
operation is completed. 

Before and during the spinning process the blanks should be lubri- 
cated with vaseline or lard oil applied with a rag or brush. 

Machining of Aluminium Alloys 

Pure aluminium, on account of its softness, requires care in machin- 
ing, owdng to the tendency of the tool to tear the metal. For this 








Fic. 4,‘L Spec ial SriKAL-FLUTKi) Tap for Aluminium Alloys 


reason the cutting angles must be correctly selected and the tool edges 
kept sharp, preferably by oil-stoning after grinding. For many pur- 
poses diamond-pointed tools are used in production work for turning 
aluminium alloys. The machining speeds of light aluminium alloys 
may be high, thus reducing machining times and therefore costs. 

In regard to machining speeds these depend to some extent 
upon the nature of the process and in this connection the following 
notes, referring to the recommended practice of the British Aluminium 
Company, are given. 

Turniruj. The tool should ahvays be finished with the keenest 
possible edge and any grinding marks should be removed by an oil- 
stone. The top surface of the tool should offer as little resistance as 
possible to the turnings, and should be ground to a very smooth finish. 

It should have a front clearance of about lO*^, a top rake ranging 
from 40"^ for softer alloys to 30*^ for harder ones and a cutting edge 
angle of 35 to 50°. Provided that the w^ork is of a rigid nature as much 
as I to in. sometimes may be taken off in one roughing cut w'hen 
running at a speed of from 500 to 7(X) ft. per minute. A lubricant 
should be used for heavy cutting of this nature although lighter 
roughing cuts often are done dry. A speed of 600 to 800 ft. per minute 
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may be used for finishing cuts when using ordinary carbon steel tools. 
With tools of high-speed steel, the speed may be even higher. The 
attainment of a good siirfai^e de^Knids upon a very light cut and a 
slow feed. A lubricant always should be used for finishing cuts, and 



Fig. 44. Tools fok ]\Iaohinin(j Ali minu m Ali.oys 

A — Tiirniiij? tool for .siiiall (lianietcr work. 

Ji — Turning tool for larK** diameters, 
r — Sidc-euttinp planing tool. 

D — Planing and shapinK liuishinK tool 

{S ml hern Alum whnn Co., lAd.) 

a mixture of paraffin oil and lard oil, or ra])e oil, in equal proj^ortions 
gives good results with most aluminium alloys. 

The lubricant should be used under pressure, and be so fed that 
it tends to clear away the turnings from the work. 

It is important to remember that the coefficient of expansion of 
light aluminium alloys is high, and it is essential that the work be 
cooled before measuring and finishing to accurate dimensions. 
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Screw Cutting and Tajppiruj, Screw threads may be cut in the usual 
way, first with a single pointeH^l tool and then with a hand chaser for 
finishing. For good work it is essential to use a liberal amount of 
lubricant. Paraffin oil is recommended. Fluted taps are preferable 
for tapping holes in aluminium but with care it is possible to obtain 
good results witli ordinary taps, provided that the initial hole is of 
the correct diameter. The best diameter is found by trial. With soft 
aluminium the hole should be larger than with harder aluminium 
castings, for example, because the tap has a pressing effect in addition 
to the cutting action, and allowance must be made for this. 

For tapping, bees-wax or tallow is used for lubrication. 

In repetition work, threads sonuitimes are formed by a process 
known as “thread rolling.” Hardened rolls having threads cut upon 
them are pressed into the aluminium, raising a corresponding thread 
by squeezing the metal. This proc^ess can be applied to screws up to 
2 in. or more in diameter. 

Milling, This is a process much used on aluminium castings and 
one to which aluminium })articularly lends itself. The only special 
feature is the use of tools in which the teeth are set I'rther apart 
than usual to avoid clogging of the metal particles. Where a bright 
finish is required, paraffin should be used as the lubricant. Ordinarily, 
how’cver, wlien a mirror finish is not desired, milling is done dry, and 
high speeds are used. 

For milling “Y” and “R.R,” alloys cutters having a face angle 
of 17|° and a cutting angle of 15‘^ are recommended. A typical cutter 
of in. diameter, with 10 teeth, is shown in Fig. 45.* The milling 
speed for this cutter is 300 r.p.m. with a feed of 0 006 in., both for 
roughing and finishing ; for the latter of>eration only a very light cut 
is taken. 

Drillimj. The drill ordinarily used for alu minimi is the standard 
twist type, although the use of flat drills is sometimes advocated. 
For “ Y” and “R.R.” alloys a drill point angle of 90® instead of the 
usual 1 18® is recommended. The cutting spc'cd is 200 ft. per min. 
with an average feed of 0 005 in. 

The same precautions regarding keen edges apply to drills as to 
turning tools. Aluminium should be drilled at a high speed but with 
only a moderate feed. The best peripheral speed is from 150 ft. to 
200 ft. per min., which means about 600 r.p.m. for a drill 1 in. in 
diameter. With a 1-in. drill the feed should be about 0 005 in. per 
revolution, while for a ^-in. drill the corresponding figure is 0*003 in. 
Paraffin is an excellent lubricant. 

♦ Courtesy, Bureau of Information on Nickel. 
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Orinding. Both rough and precision grinding are extensively 
practised on aluminium. There is a large variety of grinding wheels 
available, and it is recommended that manufacturers of the wheels 
be consulted as to the best grades to use for any particular purpose. 
Usually, the harder the work the softer the wheel employed, but with 
aluminium a soft or medium-soft wheel should not be used owing to 
the tendency for the metal to clog the wheel. High speeds up to 
10,090 ft. per min. should be employed for wheels of the carborundum 
type, and about 6,000 ft. per min. for wheels with shellac or other soft 
binders. Rough grinding wheels may be kept from clogging by rubbing 



Fig. 45. Milling Cuttek for Y- Alloy and H.R. Alloys 


paraffin wax upon them. This prevents the adhesion of the metal 
particles without impairing the cutting ability of the wheel. 

Filing, For filing aluminium single cut files always should be 
employed, as those of the double cut type rapidly clog and become 
useless. A quick method of cleaning clogged files is to dip them in 
strong caustic soda solution for a moment, after which the metal 
particles can be wiped off easily. A wash in cold water and a* drying 
in sawdust should follow this treatment or rusting is likely to take 
place. 

Sawing, A band-saw is excellent for such work as cutting off 
runners and risers from castings. The teeth should be large and the 
speed about 600 ft. per min. Band-saws should be lubricated with 
oil or, preferably, tallow. 

Reaming. For reaming the harder alloys, such as “ Y’’ and “R.R.** 
ones, the reamers used are made to precision diameter for a length of 
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Jin. only, the remaining length being slightly below this diameter. 
The speed of reaming varies from GOr.p.m. for a 3-in. diameter to 
lOOr.p.m. for one of If in. The recommended lubricant is paraffin. 

Polishing, Aluminium is capable of taking, and retaining, a high 
polish, equal to that of silver, without any special arrangements being 
required. 

It is advisable to avoid the use of coarse abrasives, owing to the 
possibility of deep scratches occurring, but for rough castings No. 70 
emery may be used for the preliminary cleaning. After this, a No. 1 20 
emery is employed, with a compressed canvas wheel, followed by No. 
160 emery on a felt wheel. The final polish is imparted by buffing 
on a stitched cotton wheel, using a greasy tripoli compound, followed 
by treatment on a soft mop with dry lime or rouge. 

For sheet metal work preliminary cleaning may be accomplished 
with the ordinary fine Trent sand and oil on a bob covered with leather 
and running at a high speed. The second operation is that known as 
“grease-mopping,” and is carried out on a calico mop, using tripoli 
compound. Finally, the articles are finished upon a soft mop, using 
dry lime. 

For castimjs of a simple pattern, the polishing may be almost 
entirely accomplished by the tumbling process. For rough castings, 
(joarse sand or crushed granite mixed with water to about the con- 
sistency of thin mortar may bo used as a preliminary. This treatment, 
although somewhat harsh, is necessary, owing to the peculiar nature 
of the metal. When the castings have been sufficiently roughed, they 
are transferred to a wooden or wood-lined metal barrel, and tumbled 
with steel balls or smooth steel punchings in water containing J ounce 
of oxalic acid per gallon. This treatment requires from 2 hours to 2 
days, depending upon the size and shape of the castings. The tumbling 
barrel speed is such that the articles roll round and do not drop across 
the barrel. 

Welding Aluminium and Its Alloys 

Aluminium may be welded satisfactorily by the oxy-acetylene and 
electric welding processes if suitable precautions are taken. 

When the oxy-acetylene process is used for sheet metals, strong 
joints may be obtained if the correct flux and wielding rod are used. 
In the welding of aluminium sheet the edges to be joined are melted 
together with a welding rod of pure aluminium. 

The most important point in welding operations is to remove the 
invisible film of oxide. This is accomplished by the use of a suitable 
flux which attacks the oxide almost as soon as it forms. The best 
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fluxes are those used in a dry condition, the flux being applied by 
dipping the heated end of the welding rod into the powder and melting 
up the adherent flux so as to form a kind of skin along the welding rod. 
Fluxes for aluminium must be kept airtight as they are hygroscopic. 

After welding, any excess flux must carefully be washed away 
with warm water, using a brush. 

The welding rod should be of the same composition as the sheet 
being welded and of the same diameter as the thickness of the sheet, 
within certain limits. The minimum size of rod used for all sizes 
of sheet below No. 16 S.W.G. is about No. 14 S.W.G., while, even for 
very thick sheets, rods of over in. diameter are rarely used. 

The electrical welding processes used for aluminium and its alloys 
include the resistance (spot, seam and butt methods), metallic arc and 
atomic hydrogen ones. As it is not possible, in the limited space 
available, to give detailed information on these processes, the reader 
is referred to the publications on Electric Welding and Aluminium 
Jointing issued by The British Aluminium Company, Ltd., King 
William Street, London, E.C.4, and The Northern Aluminium Com- 
pany, Ltd., Bush House, Aldwych, London, W.C.2. 

Soldering Aluminium and Its Alloys 

Aluminium is a difiicult metal to solder satisfactorily on account 
of the thin oxide film always present on its surface ;* this film must 
be removed if a good joint is to be obtained. The removal of the oxide 
film is more important than the composition of the aluminium solder. 

Although apparently good joints are obtained with the majority 
of the proprietary makes of aluminium solder, these joints are liable 
to a process of progressive weakening due to corrosion of the iiuiluded 
flux : many of the joints will not withstand a boiling water immersion 
test. 

Solders used for aluminium are usually electronegative to alumi- 
nium, so that in the presence of moisture electrolytic; action occurs 
with a consequent corrosion of the solder at the joint ; for this reason 
it is advisable to protect the joint with paint or varnish. 

The three principal methods of soldering which have given satis- 
factory results are (1) Hard soldering ; (2) ^oft soldering ; and (3) 
Reaction soldering. 

(1) Hard Soldering. In this process the solder consists of an alloy 
of aluminium having a melting point between 500° and 600° C. Many 
such alloys exist, but the silicon alloy, containing 10-13 per cent of 
silicon, is undoubtedly the best. The oxide is removed by means of an 
alkaline halide flux, such as is used for aluminium welding. At the 
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temperature at which the soldering is carried out the flux is melted 
and rapidly attacks the oxide, permitting the melted solder to come 
into contact with clean aluminium and to alloy with its surface. In 
carrying out the process a gas blowpipe is used as heating medium, 
but apart from this and the higher temperature required, the process 
does not differ from the ordinary soldering of brass. The flux is applied 
on the end of the solder stick, which is melted up and flows readily, 
sweating the parts together. Certain manufacturers supply silicon 
alloy solder in the form of a tube with the flux contained inside. Hard 
soldering with a silicon alloy solder is thoroughly to be recommended 
as regards ease of application, strength and permanence. Unlike soft 
soldering, the joint is capable of withstanding the action of boiling 
water or steam without protection. 

(2) Soft Soldering. In this process the solder melts at a compar- 
. atively low temperature and it is this type of work which has given 

rise to the widespread view that aluminium is difficult to solder. The 
reason is that no satisfactory flux is available which will attack the 
oxide at the low temperature of w-orking, so that the oxide must be 
removed by mechanical means. After a preliminary cleaning, the 
metal is heated until the solder melts upon it. The molten solder will 
not adhere, but it can be made to do so by scraping through it with an 
old hacksaw blade or other form of scraper to break up the oxide film. 
Once the film is broken the oxide cannot reform under the solder, and 
alloying takes place. When the surface is fairly well covered with 
molten solder the adhesion is improved by rubbing wdth a wire scratch 
brush while the solder is still molten, thus breaking up any remaining 
traces of oxide. After such “tinning,” the parts can be sw^eated 
together in the ordinary way. Fluxes are sometimes supplied with 
these solders, but these consist largely of stearin or resin and are of 
little assistance. 

The composition of the solders is not of great importance. They 
usually consist of zinc and tin with or without small additions of other 
ingredients. 

(3) Reaction Soldering. This is a newiy developed process which is 
particularly interesting. The solder is a chemical mixture w^hich is 
spread on the parts to be jointed and heated by a blowpipe to about 
200° C. A chemical reaction takes place which results in the deposition 
of pure zinc in a molten condition on the aluminium surfaces to be 
joined. The zinc flows readily between the edges and alloys readily 
with the aluminium, forming an excellent joint. Such joints are much 
more permanent than those made by the ordinary soft soldering 
process. 
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The Alunize Process 

A satisfactory solder known as Alunize,* having a high tensile 
strength, has been developed for use with aluminium and its alloys, 
e.g. duralumin and Hiduminium. The cleaned surfaces are heated to a 
temperature that will just cause the solder to melt and the surfaces 
are “tinned’’ with the solder, using a scraper or wire brush to ensure 
thorough adhesion. After thus coating the joint surfaces more solder 
is added and the two members are clamped together and allowed to cool. 

The solder melts at 160° to 180° C. and has a tensile strength of 
20 to 26 tons per sq. in. It has given very good results in aircraft work 
and for light alloy tubular bicycle frames ; also with Elektron alloys. 

* Alunize Ltd. 
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MAGNESIUM AND ITS ALLOYS 


In recent years magnesium has proved of increasing importance in 
light engineering constriuitional work on account of the strong light 
alloys which it forms with small proportions of other elements. 
Magnesium alloys — of which the Elektron group is an example — are 
now used for automobile and aircraft parts as forgings, extruded bars, 
sheets and castings. 

Magnesium 

This metal in the pure state is of silvery-white appearance and 
has a specific gravity of 1*74 as compared with 2*705 for pure alumi- 
nium. It is obtained commercially from two distinct sources, namely, 
from sea-water (which contains magnesium salts) and from mineral 
ores. The Dow Chemical Company of America, which is one o:^ the 
largest magnesium producing firms in the world, extracts magnesium 
from the crystalline product known as magnesium chloride hexa- 
hydrate. The metallic magnesium is obtained by electrolysis of molten 
magnesium chloride crystals derived from the hexahydrate salt, which 
itself is a by-product of the sea- water brines from which the Company 
extracts salt, bromine and other constituents. Ordinary sea -water 
contains about 0*1 per cent of magnesium. 

The natural ores from which magnesium is obtained by the electro- 
thermal process include Brucite (magnesium hydroxide), Magnesite 
(magnesium carbonate) and Dolomite (magnesium associated with 
calcium as a double carbonate). 

The process of extracting magnesium from its ores is a difficult 
one on account of its high affinity for oxygen. In one modern process 
the oxygen combined with the magnesium is taken up by coke to 
form carbon oxides at the high temperature of the electric arc furnace. 
The mixture of elemental magnesium vapour and carbon oxides thus 
produced is cooled as quickly as possible to prevent the oxygen from 
returning to the magnesium. A well-known process, known as the 
Hansgirg one, employs the method of shock- cooling with large volumes 
of hydrogen to attain this object. It is necessary to employ a source 
of low-cost power, such as natural water power, in order to produce 
magnesium at a reasonable price. 

101 
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Mechanical and Physical Properties 

Although commercially pure magnesium is not employed in 
engineering, it has other applications in industry, notably as a de- 
oxidizer, to remove the last traces of oxygen from baths of molten 
metal or from inside radio valves. It is also used as the principal 
ingredient of aircraft flares and in photographic flash powder. 

Magnesium is not only much lighter than aluminium on an equal 
volume basis, but it is notably stronger in tension and harder, although 
at the same time it is mucih more brittle. In this cjonnection the values 
given in Table 37 enable a comparison to be made of the mechanical 
properties of the two pure metals in the rolled and annealed 
condition. 

TABLE 37 

Mechanical Properties of Magnesium and Aluminium 
(Aitchison) 



Magnesium 

Aluminium 

Density ..... 

1*74 

2-71 

Tensile strength (tons per sq. in.) 

no 

6-0 

Elongation, per cent 

5-0 

40 

Reduction of ar(‘-a, per cent 

60 

80 

Briiiell hardness .... 

33 

24 

Specific tenacity* .... 

6-32 

2-21 


* TJio specific tenacity is the tensile strength divided by the density. 


From these results it will be noted that magnesium, with a specific 
tenacity of 6-32, is nearly three times as strong for its weight as 
aluminium with a specific tenacity of 2*21. 

Magnesium has a relatively low modulus of elasticity, namely, 
3*5 X 10® lb. per sq. in. as compared with 10 x 10® lb. per sq. in. for 
aluminium ; this value is not improved, materially, by alloying it 
with small proportions of other elements. 

As the stiffness of a beam of given depth is proportional to the 
modulus of elasticity, it follows that a magnesium beam would have 
only about 60 per cent of the stiffness of a similar one in aluminium ; 
also, for magnesium and aluminium plates of equal thickness, the 
latter would be about 60 per cent stiffer. This proportion also holds 
for most aluminium and magnesium alloys. 

It is here of interest to note that the ratio of the density to the 
elastic modulus is very nearly the same for magnesium, aluminium, 
and iron. 
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The principal ^physical properties of pure magnesium are as follows — 


Specific gravity . . . . . . 

. 1-74 

VVeight per cubic inch ..... 

. 0 0627 lb. 

Specific heat at 20° C. . 

. 0-24o6 

Thermal conductivity (C.G.S. units) at 1 8° C. . 

. 0*376 

Coefficient of thermal expansion per °C. . 

. 0*0000259 

Electrical conductivity (silver -- 100) 

. 39*4 

Melting point ...... 

. 651° C. 

Atomic weight ...... 

. 24*32. 


Some Other Properties 

Magnesium itself is not readily affected by the atmosphere ; it is 
considered to be slightly better than aluminium in this resj^ect. On 
exposure it becomes covered with a thin bluish grey film of oxide and 
hydroxide which appears to prevent further attack. As the commercial 
alloys of magnesium are liable to atmospheric corrosion, methods of 
producing a protective oxide coating, analogous to the anodic process 
used for aluminium alloys, are being developed. 

The presence of minute impurities in the metal cause accelerated 
local corrosion. In this connection the commercial metal is of a high 
standard of purity, a typical sample when analysed showing only 
0*08 per cent iron, 0 02 per cent copper, and 0-01 per cent siUcon. 
When magnesium is heated it does not scale at temperatures up to 
about 450° C., or even up to the ignition temperature. 

The mechanical properties of magnesium are affected materially 
as the temperature is increased; the alloys of this metal are also 
influenced, but to a different degree, by temperature increase. 

The results of some tests made upon a rolled magnesium rod are 
given in Table 38.* 

TABLE 38 

Strength of Magnesium at Elevated Temperatures 


Temperature 

Ultimate 
Stress 
(Tons per 
sq. in.) 

Elongation 
per cent 
on 2 in. 

Estimat-ed i 
Fatigue Range 
(Tons per in.) 
(Haigh) 

Impact 

5 X 5 mm. 
Charpv 
Ft.-lb. 

Heated 5 hours at 
150° C. 

6*0 

37 

± 1*5 

1*09 

Heated 5 hours at 
250° C. 

2*7 

98 


1*48 

Heated 5 hours at 
350° C. 

M3 

104 

— 

— 


♦ “Mechanical Properties of Pure Magnesium and Certain Magnesium 
Alloys,” Archbutt and Jenkin; Aeron. Res. Corn., R. and A/., No. 1,287 
(February, 1929). 
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Magnesium is readily attacked by weak acids, and also by saline 
solutions ; it is not affected, however, by most alkaline solutions. 

Magnesium ignites fairly easily at or above its ignition temperature ; 
its use in the form of magnesium ribbon and in flashlight powders for 
photographic purposes is well known in this respect. In view of its 
tendency to ignition certain precautions have to be taken when 
machining magnesium, as a considerable amount of heat may be 
developed, more particularly when high machining speeds are employed 
in conjunction with blunt tools, so that the turnings, chips or powder 
burn. Turnings when dry will not ignite spontaneously, but they 
should not be allowed to stand in the open. They are best stored in 
a covered wooden box and can be used as scrap after pressing into 
briquettes. 

On account of its relatively high specific tenacity and good heat 
conductivity magnesium, before its alloys became developed, was 
used for the pistons of experimental petrol engines. The pistons were 
machined from the solid and proved expensive ; moreover, the rapid 
decrease in mechanical strength with temperature — for the working 
temperatures at the crown of the piston were from 350° C. to 380° C. 
— ^necessitated greater thicknesses of the metal, so that much of the 
original benefit of lightness was lost thereby. 

Magnesium Alloys— General Considerations 

Magnesium by itself is not sufficiently strong to be used as a light 
engineering metal as an alternative to the available aluminium alloys. 
It differs from most of the commoner metals, e.g. iron, aluminium, 
copper and nickel, in having crystals of the hexagon instead of the 
cubic system, a circumstance which has an important bearing upon 
the mechanical and metallographic behaviour of this metal — ^as well 
as upon its alloying properties. 

It has been established* that solid solutions which are necessary 
for strengthening alloys cannot be formed to any appreciable extent 
if the atomic diameter of the metal addition differs from that of the 
solvent metal by more than about 14 per cent. When this rule is 
applied to magnesium, some of the more useful metals that come 
within the percentage limit mentioned include aluminium, silver, 
cadmium, tin, antimony, lead and bismuth. Experimental investiga- 
tions on the alloys of magnesium indicate that, with the exception of 
aluminium and cadmium, the other metals mentioned produce alloys 
which are brittle and reactive. There are, however, certain other 


♦ Hume Rothery. 
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metals outside the group in question which, in small percentages only, 
can form solid solutions. These include manganese, calcium, cerium, 
zinc, nickel and cobalt. 

The commercial binary and ternary magnesium alloys contain either 
two or three of these metals with small additions of others from the 
two series previously mentioned. In this connection, the following 
systems* have been investigated to a certain extent with varying 
degrees of success — 

Magnesium-Manganese (Mn iip to 2*5 per cent). 

Magnesium- Aluminium (A1 from 8 to 12 per cent). 

Magnesium-Cerium (Ce 10 per cent, with or without additions of 
Co and Mn). 

Magnesium-Aluminium-Silver (Al, 7*5 to 8*5; Ag, 2*5 to 3*0 per 
cent, with additions of Zn, Mn, and Ca). 

Magnesium-Alurninium-Zinc (Al, up to 11 per cent; Zn, up to 
3*5 per cent). 

Magnesium-Aliiminium-Cadmium (Al, 8 per cent ; Cd, 8 per cent). 

Magnesium -Cadmium (Cd up to 20 per cent). 

Magnesium-Cadmium-Zinc (Cd, 4 per cent; Zn, 4 per cent). 

In general, magnesium alloys, on account of their hexagonal crj) sta^ 
structure, are difficult to work, as they exhibit marked directional 
properties. This structure, however, easily twins and in this connection 
special manufacturing processes have been evolved for breaking down 
the structure by repeatedly changing the direction of stress ; in this 
manner the ductility has been improved appreciably. 

Effects of Metals on Mechanical Properties of Magnesium 

In view of the conclusions outlined in the preceding section it 
is of interest to consider the effects of certain metals, namely, 
zinc, cadmium, and aluminium, upon the mechanical properties of 
magnesium. 

Fig. 46 illustrates the mechanical properties of these binary 
alloys for the different percentages of added metals shown by the 
abscissae of the curves. The alloys in each case were in the form of 
extruded bars from which the test specimens were machined, and the 
graphs are based upon experimental values by L. Aitcheson.f 

In connection with the results given for aluminium alloys it may 
be mentioned that the reduction of area diminished progressively from 

* “Materials of Aircraft Construction,” H. J. Gough, Joum. Roy. Aeron. Son. 
26th May, 1938. 

t “Light Alloys for Aeronautical Purposes with Special Reference to Mag- 
nesium,” L. Aitchison. Joum, Roy. Aeron. Soc.^ 14th December, 1933. 
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29 per cent for 2*5 per cent aluminium down to 4*4 per cent for the 
13*14 per cent aluminium alloy. 

Whilst the tensile strength values for the alloys with more than 
about 5 per cent aluminium were a marked improvement upon that 



0 2 4 6 8 10 12 M 16 

Meta! Percentage m Magnesium Alloy 

Fig. 46 . Effect op Other Elements on the Mechanical Properties 

OF Magnesium 

for the pure metal, namely, 11 tons per sq. in., the ductility — as shown 
by the elongation and reduction of area values— is not satisfactory 
from the engineering application point of view. In order to improve 
this ductility the effect of small additions of other metals was investi- 
gated. The addition of zinc in percentages up to about 5 to magnesium 
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alloy containing up to 10 per cent aluminium was found to improve 
the ductility to an appreciable extent, as shown by the results given 


in Table 39. 


TABLE 39 

Magnesium-aluminium-zinc Alloys (Extruded) 


Aluminium 
per cent 

Zinc 
per cent 

Maximum Stress 
Tons per sq. in. 

Elongation 
per cent 

Reduction of Area 
per cent 

1*22 

1*26 

13-8 

1 

17*3 

470 

3*96 

1-29 

15-8 

17-6 

3615 

3-75 

310 

181 

20-0 • 

34*65 

2-34 

406 

17-6 

21-3 

39*9 

5-53 

.3-90 

22-.5 

16*25 j 

17*0 

9*97 

2-33 

22*7 

11-5 

13*5 

6-14 

412 

220 

12-7 

18*5 

4-97 

308 

19*8 j 

16-5 

24*60 

5-22 

5-08 

210 1 

17-2 

25*2 


The addition of cadmium to magnesium -aluminium alloys was also 
shown to give a marked improvement in tensile strength values, and 
to benefit the ductility, but not to the same extent as the zinc. Some 
experimental values given by L, Aitchison are sho\vn in Table 40. 


TABLE 40 

Magnesium-aluminium-cadmium Alloys (Extruded) 


Aluminium 
per cent 

Cadmium 
per cent 

Maximum Stress 
Tons per sq. in. 

Elongation 
per cent 

Reduction of Area 
per cent 

9*47 

1*25 

22*1 

8*7 

9*76 

10*28 

1*96 

22*0 

12*6 

17*3 

9*70 

2*08 

22*4 

10*56 

14*7 

9*60 

3*76 

22*05 

11*2 

16*25 

12*44 

1*13 

22*9 

7*2 

6*0 

12*99 

2*10 

23*0 

4*2 

5*9 


The effect of manjqanese in magnesium alloys is of interest since it 
has been shown that this metal, in small percentages, improves the 
corrosion resistance. 

The general results of an investigation into the effect of additions 
of manganese indicated that, between the limits of 0*18 and 2*6 per 
cent of manganese, the tensile strength values were between 13*7 
and 13*0 tons per sq. in. and percentage elongations from 6*0 down 
to 3*5. 
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The effect of silicon in percentagesr up to 2-19 gave tensile strengths 
of 11*6 to 17*1 tons per sq. in. ; elongations between 18*8 and 4-2 per 
cent, and reductions of area of 31*3 to 5*9 per cent. A typical alloy 
containing 0*56 per cent of silicon gave a tensile strength of 14*2 tons 
per sq. in. with 7*3 per cent elongation and 13*4 per cent reduction of 
area. Greater ductility was only obtained at the expense of a loss of 
tensile strength. 

Magnesium-copper Alloys 

A series of alloys of magnesium and copper of particular interest 
on account of their good thermal and electri(;al conductivities has been 
investigated by W. K. D. Jones and W. T. Cook.* 

The magnesium-copper alloys up to 13 per cent copper are the 
more important in this respect and for approximate purposes may be 
regarded as having about twice as good thermal and electrical con- 
ductivities as the magnesium-aluminium series mentioned. In the 
wrought state 13 per cent alloy has a tensile strength of 15 0 tons per 
sq. in. with 6 per cent elongation on 2 in. In the commercial forms of 
magnesium alloys three types have been exploited, viz., the binary 
alloys with copper and aluminium respectively and the alloys con- 
taining zinc as the principal addition, with minor additions of other 
metals, including copper. All three types are easily cast, and can be 
hot-worked by forging, rolling, etc. As a general rule these alloys are 
about 30 per cent lighter than aluminium-silicon alloy containing 13 
per cent silicon, w^hich is one of the lightest of the other commercial 
aluminium alloys. 

Copper is almost completely insoluble in magnesium ; it forms an 
insoluble compound MggCu. In magnesium containing O-OO per cent 
copper the presence of the compound is readily seen under the micro- 
scope. On increasing the amount of copper the tensile strength is 
increased up to about 2*5 per cent copper, beyond which the strength 
decreases. The ductility is at once decreased on the addition of copper 
and becomes almost negligible beyond 6 per cent. 

Magnesium Casting Alloys 

A special feature of the commercial casting alloys of magnesium 
is that these can be made in large and complicated shapes as sand- 
castings with no more difficulty than similar ones in aluminium alloy. 
It is also possible to make gravity and also pressure castings on a 
commercial scale and such castings are now in general production. 

Magnesium alloys are employed for castings that are not too heavily 

* “Magnesium and Its Alloys,” W. R. D. Jones and VV, T, Cook, Journ. Roy, 
Aeron. Soc. (Oct., 1926). 
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stressed and the ductility of these can be improved by an annealing 
treatment which results in more of the alloying elements entering into 
solid solution. The hardness can be increased, but at the expense of 
the ductility, by a subsequent heat-treatment which results in the fine 
precipitation of a constituent. 

Among the advantages of modern magnesium-alloy castings are 
the reduction of weight (about 40 per cent of aluminium alloys) ; 
freedom from brittleness; absence of pinholes and inclusions and 
greater stiffness for a given weight, or the same stiffness for a lower 
weight. There is a fairly wide range of compositions for casting alloys 
but the general composition of these is defined by the following limits — 

Aluminium .... 0*2 to 11*0 per cent 

Zinc ..... 0*2 to 3*5 ,, 

Manganese .... 0*5 to 2*5 ,, 

The mechanical properties of these alloys vary appreciably but there 
are two essentially different types within the group, typical compo- 
sitions of which are as follows — * 

(1) Al, 8*5 per cent ; Zn, 3*5 per cent ; Mn, 0*5 per cent (maximum 
values). 

(2) Al, 0*2 per cent ; Zn, 0*2 per cent ; Mn, 2*5 per cent (maximum 
values). 

The mechanical properties of these alloys are as follows — 


i 

0-1 per cent Proof 
Stress 

Tons per sq. in. 

Tensile Strength 

Tons per sq. in. 

Elongation 
per cent 

(1) Sand cast 

Sand cast ami solu- 

4-5-5*5 

9-11 

3- 6 

t 

tion heat-treated . 

4-6-5-5 

14-16 

9-14 

(2) Sand cast 

1*5 

6-7 

3- 5 


The first type has characteristic properties of its class of casting 
alloys whilst the second is used for lightly stressed parts ; this alloy 
can be welded quite easily. 

A series of casting alloys favoured in Germany is that containing 
aluminium and zinc with a small addition of manganese. If the 
percentages of aluminium and zinc are indicated by suffix numbers 
then the aluminium series can be written as follows — 


Mg - Alio - Zn* 
Mg — Al« — Zn, 


Mg- 

Mg- 


AL 


Znq 


AI3 - Zni; 


+ 0*5 per cent Mn. 


Ante^ page 106, note (upper reference). 
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The 10 per cent aluminium alloy is heat-treated by annealing 
alone or together with temper hardening. This treatment raises the 
tensile strength of the casting from an original value of 11*2 tons per 
sq. in. to a maximum of 17-9 tons per sq. in., with a corresponding 
increase in hardness. 

Another alloy of magnesium and silicon 
is employed for liquid- tight castings. 

Heat-treatment of Cast Alloys 

The alloys of magnesium containing 
aluminium, zinc and manganese mentioned 
previously attain their full mechanical 
strength properties after suitable heat-treat - 
ment. 

The magnesium -aluminium alloys also 
develop their full mechanical properties after 
suitable heat-treatment. 

The approximate equilibrium diagram of 
this series is shown in Fig. 47, from which 
it will be seen that at normal temperature 
magnesium is capable of retaining up to 
about 2*3 per cent of aluminium in solution ; 
the slowly cooled or annealed alloy therefore 
exhibits a homogeneous structure. Beyond 
about 9 per cent of aluminium a second 
constituent — probably the interrnetallic 
compound AlgMgg — appears. The solubility 
of the AlgMgjj compound in the solid mag- 
nesiutn increases appreciably with rise of 
temperature; this hict makes possible the 
Aluminium Per Cent improvement of the mechanical properties of 
Fig. 47 . Equilibrium this group of alloys by heat-treatment in 

ALUMINIUM Alloys ( 1 ) annealing so as to cause 

free compound left undissolved on normal 
cooling from solidification to dissolve to the point of saturation, and 
(2) by quenching after annealing so as to give a supersaturated solution 
of the compound, and then re-heating to temperatures of 150® C. to 
250® C. This causes a gradual hardening to occur, owing, probably, 
to the precipitation from the supersaturated solution of particles of 
compound ill a fine state of division. 

In regard to the aluminium-zinc-manganese series of cast alloys 
two methods of heat-treatment, namely, solution heat-treatment and 
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precipitation hardening -treatment, similar to those previously men- 
tioned, are employed. The former method consists in heating the 
alloy at 420® C. for 24 hours, during which period the alloy is protected 
by sulphur dioxide or by using a dichromate salt bath. 

The precipitation method consists in heating the alloy at a given 
temperature between 150® C. and 200® C. for a period of 12 hours, or 
longer. 

Commercial Magnesium Alloys 

The commercial alloys include the Elektron series, Magnuminium and 
other alloys made to the D.T.D. Specifications. In America the Dow 
Metals, made by the Dow Chemical Co., cover a wide range of applica- 
tions in the form of sand and die-castings, forgings, plate, bar, extru- 
sions, etc. Similar alloys to about nine dilferent specifications of the 
American Society of Testing Materials are made by the American 
Magnesium Corporation and Bohn Aluminium and Brass Corporation. 
These alloys are mostly of the aluminium, zinc and manganese group. 

The Elektron series, originally developed in Germany by the 
Chemische Fabrik Griesheim Elektron and subsequently by the I.G. 
Farbenindustrie A.G., was introduced into this country in 1922 by 
Messrs. F. A. Hughes, Ltd., and has since been taken up under licence 
by a number of casting-producing, sheet, forging and extrusion con- 
cerns. By 1934 the demand for Elektron alloys had grown to such an 
extent that a new company, now knovn as Magnesium Elektron, Ltd., 
was formed for the production in England of raw magnesium and its 
alloys. 

The Elektron group covers a wide range of light magnesium alloys 
including sand, gravity and pressure die-casting ones and wrought 
alloys in the form of forgings, pressings, extruded rods, bars, angles, 
sections, tubes, rolled sheet, etc. 

These alloys conform to D.T.D. Specifications for chemical compo- 
sitions and the sand cast alloys. 

The compositions, equivalent D.T.D. Specifications and mechan- 
ical properties of the cast and wrought Elektron alloys are given in 
Table 41. 

Die-casting Alloys 

In regard to the die-casting Elektron alloys, such as AZ.91, these 
give very satisfiictory results and are used in a number of instances 
to replace die-cast aluminium parts. The usual die-casting practice 
is followed, but in addition special precautions should be taken. 
Thus, instead of employing hand ladles dipped into the molten metal 



TABLE 41 

Elektbon” AtLOYS ns General Use, with D.T.D. Speciitcations 


Average Mechanical Properties 
(A.I.D. Test-bar) 

Brinell 
Hardness ' 
500/10/30 

55-65 

55-65 

1 

50-60 

50-60 

45-55 

35-45 

55-60 

65-70 

4(>-50 

! 

CO 

65-75 

wg 

1-3 

7-9 

2 

3-5 

Q-1 A 

3-5 

8-10 

3-5 

Elongation 
on 4''^a 
12-16 

10-12 

3-10 

3-10 

00 

Maximum 

Stress 

t.s.i.t 

8-10 

14-16 

15-17 

9-11 

1 A-ia 

9-11 

«o 

3 

6-7 

18-22 

18-20 

15-17 

12-15 

18-22 

Proof 
j Stress 
01 % t.s.i.t 

»p 

5-6 

7-9 

iti 

ih tr 

^ j 

6 

kO 

kA 

xh 

1*5 

9-12 

8-10 

8-9 

00 

11-14 









D.T.D. Requirements for Chemical Composition 

Impurities 

O/ 

/O 

1 *5 max. including 
Cu, Fb, Fe, Si 

1-0 max. including 
Cu, Pb, Fe, Si 

1-0 max. including 
Cu, Pb, Fe, Si 

e 

T 

1 1 

666 g 

•Q fl 4> c 

t-. 

oT H 

1 

g- 666 

AhcQ^ 

1-0 max including 
Cu, Pb, Fe, Si 

0-5 max. 

1-5 max. 

1-5 max. 

0-5 max. 

0-5 max. 


% 

fs 




0-4 

max. 

ri 

os 


0-4 

max. 



0-4 

max. 

0-4 

max. 


yo'- 

fi.o 




0-4 

max. 

0-4 

max. 


0-2 

max. 



0-2 

max. 

0-2 

max. 


1 

g 

i 

6 a 

E 

1 

1 

a 

& 

Rem. 

s 

Rem. 

0) 

0-5 

max. 

0*5 

max. 

0-5 

max. 

0-5 

max. 

0-5 

max. 

0-5 

max. 

0-5 

max. 

2-5 

max. 

1-0 

max. 

10 

max. 

2-5 

max. 

2-5 

max. 

015 

0-25 

3 5 
max. 

10 

max. 

10 

max. 

3*5 

max. 

3-5 

max. 

3-5 

max. 

3 5 
max. 

0-2 

max. 

1-5 

max. 

1-5 

max. 

0-2 

max. 

0-2 

max. 

4*»o 

6 ■ 

rH 

9-11 

9-11 

lO g lO 

cb 

max. 

8-6 

max. 

8-5 

max. 

0 2 
max. 

110 

max. 

110 

max. 

0-2 

max. 

0-2 

max. 

7- 5- 

8- 5* 


Form 

As sand cast 

Heat-treated (solution 
treatment only) 

Heat-treated (solution 
and precipitation 
treatments) 

As sand cast 

Heat-treated (solution 

treatment only) 

As sand cast 

Heat-treated (solution 
treatment only) 

■*» 

i 

< 

As extruded 

As forged . 

Extruded . 

Rolled 

i 

1 

Im 

oa 

◄ 

AUoy 

Elek- 

tron 

Alloy 

AZ.91 

AZ.91 

AZ.91 

A.8 

A.8 

AZG 

AZG 

AM.503 

a 

AZM 

AM.503 

AM.503 

AZ.855 

A.M. 

Specifica- 

tion 

D.T.D. 136A 

D.T.D. 281 

D.T.D. 285 

D.T.D. 59A 

D.T.D. 289 

D.T.D. 59A 

D.T.D. 289 

D.T.D. 140A 

D.T.D. 259 

D.T.D. 88B 

D.T.D. 142 

D.T.D. 118 

Draft 

D.T.D. 322 
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. — when oxide and slag inclusions might result — a tilting furnace 
is used for pouring purposes. The metal is superheated in the usual 
way. It is essential that the entry of the molten metal into the die 
should be as tranquil as possible, the die being tilted for this purpose. 



Fig. 4S. Unmachined Chankcase tn Elektron for Gardner 6LW 
High-speed I^iesel Engine 

The dies are kept at a high temperature by external heating and are 
well vented to allow the air to escape quickly. They are washed with 
a mixture of boric acid and French chalk in water. 

The Elektron AZ.91 alloy is used for onlinary die-castings and iias 
somewhat better die-casting properties than the A.8 alloy, but not 



Fig. 49. Some Typical Elektron Forgings 


quite as good mechanical properties ; the latter alloy is used also for 
pressure die -castings and parts have been produced with minimum 
wall thicknesses of 0*04 in. ; normally, however, 0*05 in. appears to be 
the lower limit. 

The AZ.91 alloy as sand cast has a tensile strength of 8 to 10 tons 
per sq. in., with 1 to 3 per cent elongation, but when solution and 
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precipitation heat-treated gives 15 to 17 tons per sq. in. with the same 
elongation ; when solution -treated only, the tensile strength is slightly 
less, namely, 14 to 16 tons per sq. in., but the ductility is improved 
as shown by the 7 to 9 per cent elongation value. 

The sand cast A. 8 alloy has a tensile strength of 9 to 11 tons per 
sq. in. with 6 to 3 per cent elongation. When solution heat-treated 
the respective values are 14 to 16 tons per sq. in. and 14 to 9 per cent. 

Applications of Elektron Alloys 

The cast and wrought alloys have applications covering a fairly 
wide range in automobile, aircraft and industrial constructions where 



Fio. 50. Some Misceleaneou.s Elektron Foroings 


lightness combined with high strength are primary considerations. 
As the metals have excellent machining properties manufacturing 
costs on this account can be kept low. 

In aircraft applications, Elektron alloys are employed for crank- 
cases of engines, covers, brackets, and similar lightly stressed com- 
ponents ; and in the construction of fuselages and fairings, steering 
parts, seats, petrol and oil tanks, landing wheels and retractable landing 
gear fittings, instrument boards, brake components, blades for variable- 
pitch airscrews, etc. In this connection development work is still 
proceeding with the object of improving still further the mechanical 
properties of these alloys. 

In the motor transport industry, where the present mode of 
taxation has led to the demand for the maximum power /weight ratio 
in order to give good performance, and as big a pay load as possible, 
these alloys are now being employed for engine crankcases, gear-boxes. 
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back axles, brackets and fittings, thereby enabling marked reductions 
of weight to be effected over steel, cast iron and aluminium parts. 

Among the numerous industrial applications of Elektron are those 
of parts of portable apparatus such as rammers, compressors, pumping 
sets ; also wireless and welding sets, machine tools, cameras, binoculars 
and scientific instruments where reduction in weight has important 
practical advantages. The output obtained from machines used in 
making cigarettes and containers, also textile and knitting fabrics, is 
increased by the substitution of Elektron for rapidly reciprocating 
parts. It has not been possible in the space available to deal very 
fully with this subject, but for more detailed information the reader 
is referred to the references below.* 

Wrought Magnesium Alloys 

Magnesium alloys with small proportions of added metals can be 
extruded, rolled and forged, but with more difficulty and to a more 
limited extent than in the case of aluminium alloys. 

The principal reason for this is on account of the previously men- 
tioned hexagonal crystal structure of these alloys which renders it 
much more difficult to deform the metal than with the cubic system 
of copper or aluminium. In the latter system there is a number ot 
similar planes on which slip can occur, so that considerable deformation 
is possible by alternate slipping in several planes. With the hexagonal 
system slip can only take place at lower temperatures on a single set 
of planes, i.e. in one direction, so that deformation is limited. 

As commercial alloys consist of crystals arranged with their basal 
planes in various directions, the process of distortion or mechanical 
working of the metal is strictly limited. This limitation is reached 
much sooner in the alloys of magnesium than in the pure metal. It is 
not possible in the space available to discuss the subject of crystal 
deformation more fully, but the reader will find an authoritative 
account in a paper by C. H. Desch, F.R.S./j* and in a book by J. L. 
Haughton and W. E. Prytherch.J 

♦ Elektron Magfiesium Alloys^ F. A. Hughes Ltd. 

“Magnesium and Its Alloys,” F. A. Fox, Metal Industry y 14th, 21st and 
28th June, and 5th July, 1940. 

Elektron. Some Principles of Casting Designy H. Reininger, Leipzig (F. A. 
Hugh(‘s Ltd.). 

“New Uses of Elektron Sheet,” D. B. Winter, Aircraft Production, May, 1941, 

“Elektron Tanks,” Flight, 8th February, 1940. 

t “Magnesium Alloys,” C. H. Desch, Journ. Roy. Aeron. Soc., 14th January, 
1937. 

t Magnesium and Its Alloys, J. L. Haughton and W. E. Prytherch; Dept. 
Scient. and Industr. Research. H.M. Stationery Office, Kingsway, London, 
W.C.2 (1937). 
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The following are the principal conclusions arrived at — 

(1) Mechanical working or deformation of magnesium alloys must 
be carried out at temperatures -well above atmospheric, namely, 
betw'een 225° and 300° C. 

(2) The crystal grains should be as fine as possible, usually by 
casting from a high temperature. 

(3) The direction of working the metal should be changed fre- 
quently. Thus, if the metal can be squeezed, first in one direction and 



Fig. 51. Miscellaneous Elektbon Sheet Metal Pressings 

then in another, a much greater degree of deformation is possible 
than in a single operation. 

(4) If the ingot is broken down by rolling or hammering cracking 
readily occurs, even for small stage reductions. When, however, the 
surfaces of the mass of metal are confined much greater deformation 
without cracking is possible. 

(5) Two satisfactory methods of working are extrusion and pressing 
between heated dies ; these methods are used commercially. 

(6) The speed of working, i.e. bxtrusion or pressing, should be 
kept as low as possible, certainly much lower than for aluminium 
alloys. 

(7) When a series of operations is necessary, as when pressing, 
each successive pressing should be at a lower temperature than the 
previous one. 

(8) Rolling to form sheets gives a structure with highly directional 
properties. The operation should be carried out at a slow speed, as 
mentioned in (6), and with the metal heated ; the direction of rolling 
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should be altered frequently. The last operation should be a reduction 
of 10 per cent with the metal cold, followed by annealing. 

(9) When pressing to any large extent intermediate annealings 
are generally necessary, but there is always a danger of excessive 
grain growth. 

(10) By repeatedly changing the direction of stress, or rolling, the 
crystal structure can be broken down largely as a result of repeated 
crystal twinning and as the directional properties are lessened so the 
ductility is improved. The use of staggered rolls is recommended for 
this purpose. 

Some Wrought Alloys 

The addition of cadmium to magnesium, as shown in Fig. 46, 
does not alter the tensile strength appreciably, but the alloys are very 
ductile and can be improved by me(;hanical working. Rolled strip 
containing cadmium 4 per cent and zinc 4 per cent has a tensile 
strength of 17*2 tons per sq. in., with 22 per cent elongation. This 
alloy can be spun into simple forms, but intermediate annealings are 
necessary. 

The magnesium-manganese group provides an alloy which is nv-abh 
for its weldability and corrosion resistance. The alloy in question has a 
maximum percentage of manganese of 2*5 with aluminium up to 0*2 
per cent and zinc up to 0-2 per cent. 

This alloy, which is much used in sheet form for aircraft fuel and 
oil tanks, containers and panels, etc., has a tensile strength of 12 to 
15 tons per sq. in., with a 0-1 per cent proof stress of 6 to 8 tons per 
sq. in., and an elongation of 10 to 7 per cent. 

Three widely used alloys in the magnesium -aluminium group which 
are employed in aircraft construction are represented by the examples 
given in Table 42. 

In the case of highly stressed component« the proof stress and 
tensile strength should be increased as much as possible by mechanical 
working and, where possible, by age-hardening. 

A high-strength magnesium alloy* containing silver — which has 
been shown to have a beneficial effect upon the strength properties of 
certain magnesium alloys — contained 8 per cent of aluminium, 8 per 
cent of cadmium and 2 per cent of silver. When made in the form of 
forged bars of 1 in. diameter and after a treatment consisting of 
heating for 2 hours at 140° C., quenching and ageing for 6 days at 
130° C., it gave a tensile strength of 27*6 tons per sq. in. ; 0-1 per cent 
proof stress of 19*5 tons per sq. in., and elongation of 4*2 per cent. 

♦ Antej page 105, note (upper reference). 




Fig. 62. AmoBAFT Sheet Metal Pabts made on 1000-ton 
Rubbeb-faced Hydbaulic Pbess 
{ds HavUland Aircraft Co.) 
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TABLE 42 


Wrought Magn?:sium-aluminium Alloys (Gough) 



Composition 

Mechanical Properties 

Application 

Al 

(max.) 

Zn 

(max.) 

Mil 

(max.) 

0-1 per 
cent 
Proof 
Stress 
(Tons 
per sq. 
in.) 

Tensile 
Strength 
(Tons 
per sq. 
in.) 

Elonga- 

tion 

per 

cent 

Sheets 

9 

1-5 

10 

7 

16 

10 

Bars and extrusions . 
Crankcase ' and air- 

11 

ir> 

10 

9-11 

14-17 

5-10 

screw forgings 

11 

20 

10 

10-12 

17 

5 


Other silver-containing alloys investigated by C. H. Desch gave 
the results shown in Table 43. 

TABLE 43 

High-strength Wrought Magnesium (Silver Content) Alloys 


Composition (per cent) j Mechanical Properties 


Al 

Ag 

1 

Zn 

Mu 

Ca 

Tensile 
Strength 
(Tons per 
sq. in.) 

0*1 per 
cent Proof 
Stress 
(Tons per 
sq. in.) 

Elonga- 

tion 

per cent 

8-0 

2-5 



0-4 

0-2 

25-2 

170 

3*5 

7-5 

2*7 

0-7 

0-4 1 

0*3 

25-8 

17-3 

60 

8-5 

30 

— 

0-3 

0-2 

25- 1 

16-4 

40 


The specific tenacities of the four alloys mentioned are approxim- 
ately 13-9 to 15*2, values which are of special interest in comparison 
with those of the strong light aluminium alloys (wrought) such as 
Y-alloy, R.R.56, Super-duralumin and duralumin, namely, 8*6, 9*5, 
10-7 and 8*9 respectively. 

In the case of airscrew blades made from relatively large forgings in 
similar alloys to those given in Table 42, the metal without age- 
hardening gave a tensile strength of 20 to 23 tons per sq. in. ; 0*1 per 
cent proof stress of 12 to 14 tons per sq. in. ; elongation of 11 to 5 per 
cent and Wohler fatigue range of ± 7-5 to i 8-5 tons per sq. in. 
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Fatigue Strength of Magnesium Alloys 

Although the fatigue strength of the best high-strength magnesium 
alloys is less than that of the corresx)onding ahiminium alloys, in view 
of the fact that the former alloys are only about 60 per cent of the 
weight of the latter the a(itual values of this strength are of importance 
from the x)oint of view of light engineering structures. 

In this connection the following comparison values of fatigue 
limits are of special interest. The Wohler values given are for 20 
million reversals of stress — 


TABLE 44 

Fatigue Limits of Wrought Aluminium and Magnesium 
Alloys (Tons per sq. in.) 


Pure ! 
Magnesium 


Duralumin B ! Duralumin F R.R.56 


± 4-46 


J; 


9*5 




t 10-7 


Strength at Elevated Temperatures 

As in the case of })uro magnesium, the light alloys of this metal 
usually show a marked falling off in tensile strength as the temi)erature 
is increased. Investigations made at the National Physical Laboratory* 
on the influence of various metal additions upon the strength of 
magnesium alloys at elevated t(unperatures indi(*iited that the metals 
which strengthen magnesium im^lude aluminium, silver, manganese, 
calcium, nickel and cerium; combinations of two metals were found 
to have a greater effect than for one alone. Calcium, even in propor- 
tions as low as ()-85 per cent, has also the Uvseful properties of producing 
a lighter alloy than magnesium and improving the casting properties. 
Cerium in the proportion of 1 per cent has a marked strengthening 
effect at 300° C. ; when nickel is also added, the hardness is similar 
to that of Y -alloy, but the alloy reduces the corrosion resistance. 

In connection with the strength of magnesium alloys at elevated 
temperatures some comparative values by L. Aitchison are reproduced 
in Table 7, on page 16. Mention is also made of a special alloy 
having a tensile strength of 7*4 tons per sq. in. at 300° C. 

Petrol Engine Alloys 

In regard to the use of magnesium alloys in petrol engines, for 
j>art8 such as crankcases, their behaviour in creep, i.e. when subjected 
* Ante , page 1 15 ;noto (lower roforenco). 
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to prolonged stress at a given temperature, is important ; the available 
information on this subject is rather limited at present. Other factors 
which are concerned with the use of magnesium alloys for pistons 
include their permanence of dimensions when alternately heated to 
working temperatures and cooled, resistance to fatigue, corrosion 
resistance and thermal conductivity. It may be added, as evidence 
that the difficulties previously associated with the use of these alloys for 
pistons are being overcome, that such experimental pistons liave been 
tried out in engines under overload conditions and over appreciable 
periods of operation with satisfactory results. 

Thermal Properties 

The coefficient of linear exjninsion of magnesium alloys between 
20° and 200° C. is about 27*0 X 10 for cast alloys and 26*8 x 10 ® 
for the wrought ones. The corresponding values between 20° C. and 
300° C. arc 28*0 X 10“® and 27*8 x 10~® respectively. It should be 
mentioned that the value of the coefficient varies a little with the 
composition and condition of the metal. 

The thermal, conductivity of magnesium alloys is 0*32 C.O.kS. i nits 
at 18° C. ; this value does not vary appreciably for the commercial 
alloys. 

Corrosion of Magnesium Alloys 

The subject of the corrosion of these alloys has received a good deal 
of attention in recent times and the investigations of llengough, 
Whitby, Desch, Schmidt and others, have established certain hicts 
which may be summarized, briefly, as follows — 

(1) Under normal inland atmospheric conditions magnesium alloys, 
even after prolonged exposure, become coated only wnth a white or 
greyish- white film, whereas steel or iron under similar conditions 
would be thickly coated with rust. . 

(2) Cast alloys have a much greater resistaru^e to corrosion, on 
account of the actual cast skin, than wrought alloys. 

(3) No addition of any at present knowm alloying metal in the 
usual small quantities necessary for the light magnesium alloys will 
inhibit corrosion although, as previously mentioned, manganese has 
an appreciable influence in regard to corrosion resistance. 

(4) Chlorides cause accelerated corrosion of magnesium alloys and 
tend to break down any protective film on the surface. Thus, sea 
atmospheres, which contain suspended salt particles, are particularly 
harmful, whilst sea-water has a more marked corrosive action. In this 
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connection it is stated that, in Berlin, Elektron bus wheels have been 
in use for some years, but the only serious corrosion that had occurred 
was due to the salt used for melting snow in the streets. 

(5) Excessive corrosion of castings occurs if particles of flux or 
slag containing chlorides are embedded in the metal. These set up 
centres of intense local corrosion leading to complete destruction. 
Modern casting methods, however, obviate the possibility of entrapped 
flux. 

(6) Airscrew blades of magnesium alloy, apart from liability to 
corrosive action by air containing salt particles, are liable to abrasion 
of the leading edges by dust particles and raindrops due to the high 
striking velocity. This effect occurs even when the surfaces are pro- 
tected by chromate treatment, varnishes, etc. 

(7) Fuels containing lead tetraethyl are liable, under certain con- 
ditions, to attack sheet magnesium alloy tanks. Whilst neither lead 
tetraethyl nor its ethylene dibromide content alone attacks the metal, 
when both are present, together with water, reactions can occur 
resulting in the deposition of lead which has a marked electrolytic 
action on the metal. Certain organic substances, such as quinoline 
(1 per cent), in the fuel will prevent this action. A method sometimes 
used for fuel tanks is to insert a cartridge containing potassium 
fluoride, which will absorb the water ; then the dry components of the 
leaded fuel are without action. More recently this method has been 
superseded by the calcium-chromate cartridge one. 

(8) Lead compounds must be avoided in protective paints on 
account of the intense local electrolytic action previously mentioned. 

(9) Intercrystalline corrosion is not experienced with magnesium 
alloys of the type considered in this section. 

Protective Measures 

Magnesium alloy fittings that have to be stored or protected for 
limited periods may be coated with lanolin or treated superficially 
with cellulose or synthetic resin varnishes, zinc chromate or zinc 
oxide base paints. Exposed parts of structures should be protected 
by one of the modern chemical protective coating methods, e.g., 
chromate, fluoride or selenium. The anodic process used for aluminium 
alloys cannot be applied to magnesium ones. 

The chemical coating methods adopted give a surface layer of 
protective material which is non-porous and adhesive and acts as a 
base for the application of paint or varnish. 

The usual chromate protection process consists in first degreasing 
the parts in a petrol or caustic soda bath, followed by immersion in a 
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solution of 15 parts of potassium dichromate with 20 to 25 parts of 
concentrated nitric acid (1*25 S.G.) in 100 parts of cold water. The 
immersion period is 1 to 2 minutes for coating and J min. for sheet. 
The parts are then washed thoroughly in cold water and placed in a 
finishing bath of J per cent of potassium dichromate maintained at 
65° to 75° C. The treatment in question gives a golden colour. 

Another process, developed by the R.A.E., which has been used on 
Elektron alloys to give a field grey to black finish consists in first 
placing the parts in a pickling bath of 10 per cent nitric acid in water. 
Afterwards they are quickly transferred to a bath maintained at 95° 
to 100° C., consisting of 1*5 per cent potassium dichromate, 1 per 
cent alum and 0-5 per cent caustic soda in water. With short immer- 
sions of 1 hour the grey finish is obtained, but by prolonging this period 
to about 10 hours an ebony black surface results. An advantage of 
this method is that it can be applied to precision finished parts without 
causing any dimensional changes. 

The selenium process due to G. D. Bengough and L. Whitby 
consists, briefly, in dipping the alloy parts at atmospheric temper- 
atures in a solution of 10 per cent selenious acid in water to which has 
been added 0*1 to 0*5 per cent of sodium chloride ; this gives a coating 
of metallic selenium. Whilst this coating is satisfactory under atmo- 
spheric conditions and against certain reagents it is not recommended 
for salt air or salt water conditions, but forms a useful base for protec- 
tive paints or varnishes. 

The results of sea -water spray tests on Elektron AZM alloy showed 
that when the original alloy was selenium -coated it had a tensile 
strength of 18*4 tons per sq. in, with 14 per cent elongation. 

When painted and stored for 4 months the tensile strength and 
elongation values were practically unchanged, but after a further 
4 months’ exposure to sea-water spray the tensile strength fell to 16-7 
tons per sq. in., and the elongation to 6 per cent — due to corrosion 
effects. 

Similarly, when the alloy was treated by the R.A.E. chromate 
method the original tensile strength was lS-9 tons per sq. in. with 
15*5 per cent elongation. After painting and storing for 4 months, 
the respective values were 19*1 tons per sq. in. and 13*5 per cent, 
whilst after* a further 4 months’ exposure to salt water spray the 
respective values were 12-8 tons per sq. in. and 2*5 per cent. 

Applications of Magnesium Alloys 

On account of their high specific tenacity values modern alloys of 
magnesium have a fairly wide range of applications in automobile 

5— (T.5303) n 
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and aircraft engineering, as well as in general light engineering and 
industrial constructions. 

In the automobile field, the cast alloys are employed for crankcase 
and gear-box castings, in place of aluminium alloys, for brake drums 
and brake shoes, commercial vehicle wheels and engine covers, e.g. 
valve-rocker gear, timing gears, oil sumps, etc. Other examples of the 
use of these alloys include motor cycle crankcases and rear axle worm 
gear castings for commercial vehicles. 

Crankcase castings, made by the sand-casting process, enable an 
appreciable amount of weight to be saved. Thus, a large oil engine 
crankcase, when made in aluminium alloy, weighed 284 lb. ; the 
crankcase when cast in Elektron weighed only 1681b., i.e. about 
60 per cent of the former weight. In another instance it was found 
possible to reduce the weight of a petrol engine crankcase from 210 lb. 
for aluminium alloy to 1281b. in Elektron, i.e. about 61 per cent. 
Automobile gear-box castings when made in magnesium alloy are also 
about 60 per cent of the weight of aluminium alloy ones. 

The use of magnesium alloys for brake drums and brake shoes also 
enables an appreciable reduction in the unsprung weight of the chassis 
to be effected ; similarly in the case of back axle casings. When used 
for brake drums it is necessary to employ cast-iron liners for the 
friction wear surfaces. The alloy drums are usually ribbed for cooling 
purposes and, on account of the much better heat conductivity as 
compared with cast iron, the friction heat is dissipated more readily. 
The smaller castings such as brake parts, brackets, covers, motor cycle 
crankcases, etc., are made by the gravity die-casting process. 

The wheels of commercial vehicles can be made of magnesium alloy 
and enable a marked saving in the unsprung weight. Thus, in the 
instance of the Zipper wheel for commercial vehicles fitted with 
pneumatic tyres, the body is made as a one-piece casting and the 
wheel is only 40 to 60 per cent of the weight of the equivalent size of 
steel wheel ; moreover, it has a much better heat conductivity. These 
wheels have given satisfactory results in service over distances of 
100,000 miles in individual cases. As an example of the saving in 
weight per wheel with magnesium alloys, it may be mentioned 
that the weights of rear wheels, for the same commercial vehicle, 
in steel, aluminium alloy and Elektron, were 246, 150 and 92 lb. 
respectively. 

In the aircraft industry the application of magnesium alloys is of 
greater importance than in any other field, since weight reduction is 
a primary consideration in aircraft construction and aircraft engines. 
In this field, magnesium alloys of high specific tenacity are used in the 
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form of forgings, castings, extrusions and fabricated sheet metal parts 
wherever possible. 

The possibility of using magnesium alloy aircraft wings is at present 
under consideration and preliminary tests have been made by the 
American Bureau of Aeronautics and the Dow Chemical Company 
upon a complete full-scale aeroplane wing outer panel made entirely 
of high-strength magnesium alloys (Dowmetal J.I. and Z.I.) weighing 
about 179 lb. as compared with 220 lb. for the corresponding aluminium 
alloy panel. The tip deflection of the magnesium alloy wing, under 



Fig. i)3. Mokocoque Rear Fuselage in Elektron Sheet and Section 

100 per cent proof load, was about 22 per cent greater than for the 
aluminium one under the same load ; this agrees with the theoretical 
results that the deflections are inversely proportional to the weights 
of these metals. The lighter wing had less torsional rigidity and more 
torsional deflection, but it was found that there was little change in 
the critical flutter speed. If the flight tests on such wings prove 
satisfactory, a saving of about 20 per cent in the structure weight will 
be possible, so that the load-carrying capacity of aircraft can be 
increased. 

Airscrew blades, as previously mentioned, are made from w rought 
alloy forgings. Owing to the low elastic modulus of these alloys the 
resulting high elastic hysteresis gives a considerable damping capacity 
so that airscrew vibrations are prevented from reaching a dangerous 
amplitude. The blades of variable-pitch airscrews are now almost 
invariably made of magnesium alloy; blades up to 6 ft. in length are 
now in service. 
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The alloys used for airscrew blades have a specific tenacity of 
12 to 14, an elastic modulus of about 5-6 to 6*0 million lb, per sq. in. 
and a proof stress of 12 to 15 tons per sq. in. A typical finished blade 
measuring 6 ft. in length weighed about 45 lb. ; another of 5 ft. 2 in. 
in length, 36 lb. 

Castings used in airframe construction, e.g. brackets, landing 



Fig, 54. Klektron Sheet Fuel Tank Pressings made on a 
Drop Hammer 
{FligJa copyright) 


gear parts, brake shoes, tail wheels, dashboard mountings and bra(?kets, 
are also made of this alloy. 

Fabricated parts such as petrol tanks, seat frames, ribs, rudder 
and aileron frames, door frames, etc., are frequently made from 
magnesium alloy sheet, extruded sections and tubing, by riveting or 
welding methods. 

Typical fuel tanks made from Elektron sheet are much lighter than 
those of aluminium alloy and, if suitable precautions are taken in 
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it is not necessary to use hot rivets. Suitable rivets of 5 per cent 
magnesium-aluminium alloy, known as MG.5, are now used cold and, 
owing to the fact that the added magnesium gives the rivet metal a 
similar electro-chemical potential to that of Elektron sheet metal, 
no corrosion occurs between the rivet and sheet metal ; another 7 per 
cent magnesium-aluminium alloy known as MG.7 is also used for 
rivets. 

In aircraft engine conatrw^iion, magnesium cast alloys are used for 
crankcases, supercharger casings, main bearing caps, valve gear oil- 
tight caps, camshaft and timing gear covers, oil transfer pipes, oil filter 
casings, vacuum pump housings, air intakes, magneto-drive housings, 
and numerous other lightly stressed parts for covers, ducts, brackets, 
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etc. Aircraft engine cowling and fairings are frequently made of sheet 
magnesium alloy and are pressed or otherwise fabricated to shape. 

Another important application of magnesium alloys is that of 
aircraft engine bearers. Fig. 57 illustrates one of a pair of such bearers 
made in Elektron for supporting an engine weighing about 16001b. 
Each bearer weighed only 26 lb, The front and rear trunnion attach- 
ments are shown, respectively, at F and R. When fitted to the nose 
of an aircraft an inclined tubular strut member is attached between 
the lug S and the bulkhead frame of the machine, whilst the end 
T is secured direct to a fitting in the upper part of the bulkhead. 
The forged Elektron alloy has a proof and (ultimate) tensile stress of 
12 and 20-5 tons per sq. in., respectively, with 13 per cent elongation. 

The landing wheels of many modem aircraft are made of cast 
magnesium alloy; thus the Dunlop aero wheels employ Elektron 
castings for the complete spoked wheels. 

In general and industrial engineering where lightness combined 
with good mechanical strength is required — ^as for portable units and 
parts — magnesium alloys represent about the lightest solution. Typical 
instances of their uses include the castings for portable electric and 
pneumatic tools, the castings of road rammers of the petrol engine- 
operated type, portable electric lamps for mine use, certain moving 
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parts of textile machinery, deep-sea diving apparatus, portable petrol- 
electric plant for generating electricity and wireless transmitters, 
cutting-off mechanism of cigarette machinery, etc. 

In electrical engineering also, these alloys are finding favour for 
light dynamo and motor castings, trolley-bus gear, switchgear, etc. 



Fig. 58. AmcBAFT Engine Timing Gear Casting 
(Magnesium Castings . d’ Products, Ltd.) 


Welding Magnesium Alloys 

As mentioned previously, certain alloys such as the magnesium- 
manganese group are readily weldable, and these are employed for 
sheet metal fabrication purposes. Similarly, several of the wrought 
and cast 'alloys can be welded satisfactorily by* the oxy-acetylene 
method, using suitable welding rods and fluxes. As the latter are 
highly corrosive it is important, after welding, to remove all traces 
of the flux by washing and brushing, followed by immersion or 
thorough scrubbing in a bath consisting of 15 per cent of potassium 
dichromate in water (used hot), and then in another bath oi 10 to 16 
per cent of strong nitric acid in cold water to which a small percentage 
of potassium dichromate in hot water is added until the bath turns 
dark brown in colour. 
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In connection with the welding of castings these should be pre- 
heated to 260° C. to 300° C., at which temperatures white paper rubbed 
on the metal will turn a light chocolate colour. 

With sheet metal welding, lap welds by the oxy-acetylene process 
are not very satisfactory in view of the difficulty in removing all 
traces of the corrosive flux from between the lapped portions. For 
. thin gauge sheet or sections the butt-welding method is recommended ; 
if the edges can be flanged before welding a stronger junction is 



Fig. r)9. Induction Belt Casting for Aircraft Engine 
{Magnnium Castingn d' Produrts, TAd.) 

obtained. Usually, in aircraft practice butt welding is employed for 
all sheet metal gauges down to No. 24 (0-022 in.) ; for thicknesses 
greater than 0-125 in. the edges should be bevelled to 45° so as to 
obtain a total included angle of 90° for the Vee to be filled with welding 
metal. 

It is recommended that, wherever possible, welds in sheet metal 
should be heated to 270° C. to 320° C. and hammered all along. This 
method is usually followed during the welding process until all the 
welds are complete on the part under construction. It is then followed 
by the chromating process previously mentioned. 

Special welding fluxes and welding rods for magnesium alloys of 
different compositions, including the Elektron series, are usually 
supplied by the manufacturers of these alloys and by the British 
Oxygen Company, London ; the same firms also publish fully detailed 
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literature on welding technique and procedure relating to the alloys 
in question. 

Electric spot and resistance welding methods are also possible with 
Elektron alloys for sheet metals, but castings do not spot- weld satis- 
factorily. Copper electrodes are used for spot welding, but these 
require occasional cleaning in order to prevent sjiluttering of the metal 
during the welding operation. In connection with the strength of 
welded sheet metal joints by the oxy-acctylene process, the results of 



Kic. (iO. {Left) OuiDE Bracket, and (riuht) Rocker Gear Covei? 
(^\sTiN<?s for Aircraft IOncjines 
(Mdiint’itKm tl’ ProOfelH, Ltd.) 

tests* on rolled Elektron taken across the line of weld showed that 
imhaminered welds gave from 40 to 60 per cent of the strength of the 
unwelded sheet, whereas hammered welds gave from 75 to 00 per cent. 

Machining Elektron Alloys 

These, in common with other light magnesium alloys, have free- 
cutting qualities and are superior in ma(?hining properties to aluminium 
alloys. In order to obtain full advantage of the high cutting speeds at 
which Elektron may be machined, it has been necessary to develop 
new designs of machine tools allowing spindle speeds up to 5000 r.p.m., 
so that Elektron parts may be machined at speeds of 4500 ft. per min. 
without tear or drag. Apart from the high cutting speeds possible, the 
])ower required for machining is less than with any other metal. 

Generally, Elektron is machined without employing coolants. 
Turning, boring and drilling, milling and screw-cutting operations 

* “Welding Magnesium Alloys,” A. Kyles, The Machinist, 3rd August, 1935. 
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require no lubricants, and only in some exceptional cases, e.g. drilling 
deep holes, cutting small screw threads, finish-turning and grinding 
operations, a suitable cooling medium, such as thin oil or crude 
kerosene, is required, the latter being used exclusively for grinding. 
Where the stock is removed in the form of very fine chips or powder^ 



Fio. 61 . Twist Drills, Reamer, and Tap for Magnesium Alloys 

thin oil is recommended to prevent the chips from fiying about or 
igniting. 

The forms of cutting tools recommended for Elektron alloys are 
illustrated in Figs. 61 to 63. 

Ordinary high-speed steel tools are quite suitable. During turning 
operations the degree of heating depends on the rate of feed, the heat 
developed being conducted away better with larger feeds than with 
smaller ones. For drilling operations, the use of long lead S'piral drills 
(Fig. 61) is recommended. The point angle should be 130° and spiral 
angle 10°. Flat drills can also be used. In place of counterbores boring- 
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bar cutters are employed for holes up to 1 in. in diameter. A further 
advantage in the use of boring bars is the improved chip removal, 
although, with deeper bores, it is desirable to apply compressed air 
both for cooling and removing chips. 

Milling cutters (Fig. 62) should be used with a cutting speed of 



Fio. 62. SiDK AND Face Cotter for Milling Magnesium Alloys 
(F. A, Hughes, Ltd,) 


900 ft. per min. and a feed of 12 in. per min. Heavy cuts’ should be 
taken, but the cutters must be kept sharp. 24-in. diameter inserted 
blade cutters have been used on crankcase milling with a cutting speed 
of 4900 ft. per min. and a table feed of 4-6 ft. per min. 

D 


Fig. 63. Heavy Cut Turning Tool for Magnesium Alloys 
(F. A. Hughes, Ltd.) 

For turning operations the tool shown in Fig. 63 is recommended. 
This has a top rake of 20°, clearance angle of 12° and cutting angle 
of 58° to 60°. The cutting speed for heavy cuts is 900 ft. per min. ; 
depth of cut, in. and feed for roughing, 0*02 in. per rev. For 
finishing purposes tools with less rake should be used and a feed of 
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0*01 in. per rev. It should be pointed out that normal shapes of cutting 
tools for aluminium alloys will give satisfactory results, if kept sharp. 

For tapping purposes the three flute tap (Fig. 61) gives good 
results if the cutting edges are kept sharp. 

For reaming purposes a 45® spiral cutter, undercut (Fig. 61), is 
recommended. 

Band-saws should have 5 teeth per inch. 

For grinding Elektron alloys special wheels are supplied by The 
Carborundum Company, Ltd., and the Norton Company. Grinding 
speeds of 800 to 1000 ft. per min. are recommended for the grinding 
wheel, and for circular ground alloy parts a speed of 80 ft. per min. 
for the work itself. 

Polishing should be carried out with glass or flint paper. Emery 
paper or cloth should not be used ; the surfaces should be protected 
with lanolin if the parts are to be stored. 

Elektron alloy parts may be cleaned of dirt or oil with petrol. Surface 
deposits arc usually removed by dipping in dilute acid or alkali baths 
and afterwards washing thoroughly in hot water. 



CHAFIER V 

COPPER AND ITS ALLOYS 

Copper is used extensively in engineering and industry both by itself 
and in the form of alloys with other metals as in the brasses, bronzes, 
bearing metals, nickel-silvers, etc. 

Copper occurs in the metallic form in nature, in crystalline form, 
e.g. in large masses near Lake Superior, U.S.A., and some Siberian 
mines. It is also represented in some 240 copper bearing minerals as 
oxides, sulphides, carbonates, arsenates, etc. Among these mineral 
ores are MalacMte (CtiC 03 .Cu( 0 H) 2 ), Copper Glance (CugS). Ruby Ore 
(CugO), Azurite ( 2 CuC 03 .Cu( 0 H) 2 ), and Copper Pyrite,s (CugS.FegSg). 

The processes of extraction of the coj)per from its ores var}^ with 
the nature of the latter, but the crude copper obtained, on account of 
its blistered appearance, is termed blister copper. This impure copper 
is refined by a subsequent, remelting prot^ess in a reverberatory furnace 
having an oxidizing atmosphere and finally by an electrolytic process 
which yields ifigots of a high standard of purity. 

In engineering practice three principal grades of copper are 
employed, namely — 

(1) //.C. {High Conductivity) Copjyer. This is of 99-9 per cent 
purity and is used for electrical purposes and where high thermal 
conductivity is required, B.S.S. 1036 and 1037 deal with raw coppers 
of this group. 

(2) Refined Copper. This has very small amounts of impurities, 
usually sufficient to prevent it from quite conforming to the con- 
ductivity standard of H.C. copper. It has a wide range of industrial 
uses. B.S.S. 1038, 1039, and 1040 deal with three qualities of differing 
purities in this group. 

(3) Arsenical Copper. This contains up to 0-5 per cent of arsenic. 
It is widely used for plates, tubes and sheets in engineering work. 

When these coppers contain small percentages of oxygen they are 
known as ''tough-pitch^' coppers. For certain purposes, ho\Vever, the 
inclusion of oxygen is a disadvantage, e.g. for welding and tube manu- 
facture, so that oxygen-free copper or deoxidized copper is then 
employed. 

Cathode copper is another commercial form obtained by electrolytic 
refining. As the crystal structure is not suitable, as a rule, for general 
working, this grade is employed for alloy making. 
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Copper powder is another commercial product obtained by electro- 
lysis under specially controlled conditions and also by pulverizing and 
grading ; it is used for moulding and other purposes. 

Lithium-copper. Lithium has been found to be an excellent 
deoxidizing and refining agent for copper, the commercial lithium- 
copper product being high in density and electrical conductivity. It 
has a relatively low lithium- calcium content, usually below 0 01 per 
cent ; this tends to protect the copper against subsequent oxidation. 

Lithium-copper, although not yet of commercial importance, has 
the same melting and casting procedure as ordinary copper, but can 
be annealed at considerably higher temperatures than oxygen-contain- 
ing copper ; it can be bright-annealed conveniently and satisfactorily. 


Properties of Copper 

Copper in the clean polished condition is a lustrous “copper-red” 
metal possessing excellent malleability and ductility ; the presence of 
impurities, however, diminishes the two latter properties. 

When exposed to the air in the presence of moisture and carbon 
dioxide it becomes coated with a greenish basic carbonate which, 
under normal atmospheric conditions, acts as a protection against 
further corrosion ; for this reason and also on account of its decorative 
green patina effect copper is often used for sheathing the domes of 
buildings, etc. It is practically unaffected by caustic alkalis, sea and 
other waters, and is used for the plating or sheathing of wooden ships. 

It is strongly attacked by nitric acid but only very slowly by dilute 
hydrochloric and sulphuric acids in the absence of air; ammoniacal 
solutions also attack copper. 

Polished copper when exposed to clean dry atmospheres may 
acquire an invisible protective film of cuprous oxide (CugO) which 
increases its resistance to subsequent attack by contaminated atmo- 
spheres. 

Copper is an excellent conductor of heat and electricity, being 
second only to silver in these respects — ^as shown by the comparative 
values given in Table 46. 

Applications of Copper 

On account of its high thermal conductivity copper is employed for 
locomotive fire-box plates, radiator elements, domestic boilers, moulds 
for casting metals (also for bottom plates), refrigerator tubes, coils 
and vessels, domestic cooking utensils and kettles, etc. It has also 
been employed for the cylinder heads of internal combustion engines 
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in special instances on account of its much better heat conductivity 
and dissipation qualities as compared with aluminium. 

TABLE 45 


Thermal and Electrical Conductivities of Commercially 
Pure Metals (20° C.) 


Metal 

Relative 
Thermal 
Conductivity 
(Copper == 100) 

Relative 
Electrical 
Conductivity 
(Copper = 100) 

Coefficient of 
Linear Expan- 
sion per ®C. at 
20° C. X 10-« 

Silver 

108 

106 

19 

Copper 

100 


16*6 

Gold 

76 

72 

14 

Aluminium 

56 

62 

23 

Magnesium 

41 

39 

26 

Zinc 

29 

29 

30 

Nickel 

15 

25 

13 

Cadmium . 

24 

23 

31 

Cobalt 

17 

18 

12 

Iron 

17 

17 

12 

Steel 

13-17 

13-17 

12 

Platiniun . 

18 

16 

9 

Tin .... 

17 

15 

21 

Lead 

9 

8 

28 

Antimony 

5 

4*5 

11 


The high electrical conductivity of this metal has led to its universal 
adoption for electrical conductors, e.g. windings of dynamos, motors, 
transformers and other coils, for bus-bars, switchgear parts, electric 
power transmission cables, telegraph and telephone wires and cables, 
electrodes for welding machines and furnaces, house wiring, lightning 
conductors, etc. 

The metal is readily fabricated by cold-rolling, drawing, pressing, 
spinning and coining, and by extrusion, forging and stamping at 
elevated temperatures. It is easy to machine and can readily be 
soldered, brazed and welded. 

Brazing and Welding 

Hydrogen Fumcice Brazing, Copper is now being used to an appre- 
ciable and increasing extent for brazing steel parts such as electrical 
refrigerators, evaporators, pistons, and check valves. 

It is necessary, of course, to employ a reducing atmosphere ; hydro- 
gen or a mixture of hydrogen and nitrogen is used for this purpose. 
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Copper, brazing is carried out in the electric furnace at temperatures 
of about 1150° C,, i.e. slightly above the melting point of copper. 
Owing to the presence of a protective atmosphere, nickel-chromium 
ribbon resistors operating at high-watt densities can be used for the 
heating elements. 

If two pieces of steel are joined tightly together and a small quantity 
of copper is placed adjacent to the seam, the whole being heated until 
the copper melts, it is known that the copper will flow rapidly without 
flux into the joint and be distributed evenly throughout the contact 
area by means of capillary attraction. Since capillary attraction aids 
the process, it follows that the distribution of copper improves with the 
tightness of the fit. Only a very thin film of copper forms the bond, 
and when properly applied its cost is almost negligible. 

There are two important advantages with this method. Firstly, 
the steel is annealed in the process by slow cooling in the reducing 
atmosphere. In this connection, it might be stated that carburized 
parts may subsequently be hardened by observing certain precautions, 
and, in general, heat-treating processes may be carried out successfully 
after brazing, provided the temperatures used do not reach the melting 
point of copper. 

The second advantage is that less pickling or cleaning is required. 
The work comes from the hydrogen furnaces bright, smooth, and clean, 
with no roughness at the joints or oxidation of the surfaces ; in fact, 
the appearance of the parts is improved by the brazing operation, 
owing to the cleaning effect of the reducing atmosphere. 

Welding of Copper. Copper can be welded satisfactorily by the 
oxy-acetylene and electric resistance methods if suitable precautions 
are taken. The high thermal conductivity of copper is a disadvantage 
in welding since the heat is dissipated more readily from the parts to 
be welded. Preheating of the parts is generally necessary. The copper 
employed for oxy-acetylene welding operations is of the deoxidized 
kind, although tough-pitch copper can be welded satisfactorily by this 
method. The filler rods are of deoxidized copper and a borax flux is 
recommended; this acts also as a protective skin over the metal. A 
neutral flame must be used to obviate oxidization of the copper from 
the air. 

Annealing Temperature 

The annealing temperatuite of copper varies between 200° C. and 
600° C., according to the impurities present and the condition of the 
metal, i.e. upon the amount of cold work it has been subjected to. 
Work-hardened copper of high purity may be partly softened at 
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temperatures as low as 120° C., but the minimum softening temper- 
ature is usually at least 200° C. For most commercial coppers a 
temperature of 500° C. is employed, but for heavy sections the funiace 
temperature may be raised to 600° C. After raising to the annealing 
temperature it may be cooled in any convenient manner, namely, in 
air or by water quenching ; the latter method facjilitates the removal 
of dirt and scale. 

Physical Properties 

The following are the chief physical values for commercially pure 
copper — 

Specific gravity, H.C. copper, 8-89. 

Specific gravity, rolled or hammered, 8*93. 

Weight per cubic inch (cast), 0*31 lb. 

Coeffickmt of linear expansion, 20°-100° C., 0*0000166 per ° C. 

20°~300° C., 0*0000176 per ° C. 
20°~500° V., 0*0000186 per ° C. 
Melting point, 1083° C. (1981° F.).' 

Boiling point, 2325° C. (4217° F.). 

The spe(;ific heat at normal temperatures is 0*092 C.G.S. units. 
This value increases with temperature increase, being 0*098 at 300° C. 

Latent heat of fusion, 41*7 to 50*46 calories/gramine. 

Conductivity, electrical, at 20° C., 1*7241 microhms per cm. cube. 

at 60° F., 1*6942 micTohms per cm. cube. 

Resistanc(^ temperature coefficient 

R, R^[l + a^(t ^ tj] 

where — 0*004265 and t is the temperature at w hich the resistance 
is required. 

The value of is not constant but varies w ith the temperature 
a.ccording to th(^ following relation — 

1 

^ 234-5 + I 

Mechanical Properties 

The strength properties of copper depend upon' its condition, i.e. 
whether cast or cold-worked, and the extent of the working; also 
upon the nature and amount of impurities or other elements present. 

Reasonably pure cast copper has a tensile strength of 10 to 1 1 tons 
per sq. in., with 25 to 30 per cent elongation (on 2 in.).* When rolled 

* Mechanical strength values given by the Copper Development Association 
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or forged, followed by annealing, the tensile strength is increased to 
14 to 16 tons per sq. in., with 50 to 60 per cent elongation. 

For cold-rolled copper in sections greater than ^in., the tensile 
stren^h varies from 20 to 26 tons per sq. in., with reduced ductility, 
i.e. with 5 to 20 per cent elongation. The Brinell hardness is 80 to 100 as 
compared with 45 to 55 for the annealed and 40 to 45 for the cast metal. 



Fig. 64. Stress-.strain Curve por Hard-drawn Copper Wire 


Heavily worked copper such as the wire has a tensile strength of 
26 to 30 tons per sq, in, with 5 to 1 per cent elongation. In this con- 
nection the actual strength value depends upon the diameter of the 
wire ; thus, in the British Standard Specification for hard-drawn copper 
wire the minimum tensile strength ranges from 22*9 to 29*5 tons per 
sq. in., as the diameter varies from 0*4 in. to 0*064 in. 

The stress-strain curve for hard-drawn copper wire is shown in 
Fig. 64, from which it will be observed that there is practically no 
straight portion of the curve and therefore no definite elastic limit or 
yield point. 
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The rnodulvs of elasticity for hard-drawn copper in wire, rod or 
sheet form is 18 X 10® lb. per sq. in. 

The modvlus of torsion, or rigidity, is from 6 to 7 X 10® lb. per 
sq. in. 

The limit of 'proportionality of stress -to -strain of copper in com- 
pression is approximately equal to the value in tension. Annealed 
copper will withstand a very large amount of deformation in com- 
pression without cracking at the edges ; thus, reductions in thickness 
of 10 to 1 may be made without difficulty. 

The yield point of copper, as previously mentioned, is very in- 
definite so that it is usual to refer to the proof stress which is just suffi- 
cient to produce a permanent set equal to 0*10 per cent of the gauge 
length. 

The fatigue or endurance limit of annealed copper for 50 million 
reversals is i 4| tons per sq. in. 

Effect of Cold Work on Mechanical Properties 

Copper can be hardened or ‘‘tempered’’ by subjecting it to varying 
amounts of cold work, e.g. cold rolling or hammering. The general 
effect of this treatment is to harden the metal as shown by the increr ^ed 
Brinell value, to increase its tensile strength and proof stress (0*10 
per cent) and to reduce the percentage elongation. 

These effects are illustrated by the results given in Fig. 65. 

Creep and Strength at Elevated Temperatures 

Copper possesses a good creep resistance and hard-drawn copper 
wire,* subjected for almost a year at OTdinary temperatures to a load 
equivalent to 75 per cent of its tensile strength, showed a steady rate 
of creep, after the initial period, of only 5 X per day. As the 
temperature of copper is increased the tensile strength falls pro- 
gressively and both the elongation and reduction of area increase 
continuously. The results of some testsf upon copper previously 
reduced 25 per cent in cross-sectional area by cold rolling are given in 
Fig. 66. These results show that no brittle range occurs, so that it 
can be inferred that copper possesses ideal hot-working properties. 

Effect o! Other Elements on Copper 

The impurities which may occur in commercial copper include 
arsenic, antimony, bismuth, oxygen (as cuprous oxide), lead, nickel, 
sulphur, tin, zinc, silver. 

* British Non-Ferrous Manufacturers Research Association Report No. 449. 

t W. B. Price, A.S.T.M., A.S.M.E., “Symposium on Effect of Temperature 
on Metals,” 1931. 
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When the oxygen contemt is less than about 0-1 per cent it has 
only a slight effect on the electrical, mechanical and physical pro- 
perties ; in rather greater proportions it tends to cause brittleness. 



Fio. 65. Effkct of Cold Rolling on the Strength and Hardness 
OF H.C. Copper Strip 
{V.D.A.) 

Bismuth in copper reduces the tensile strength and causes red- 
shortness: 

Arsenic in amounts up to about 0*5 per cent increases the tensile 
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strength and toughness and for this reason arsenical coj)per is widely 
used in engineering, except for electrical purposes. The British 
Standard Specification No. 200 for Copper specifies from 0-3 to 0*5 
per cent of arsenic. 

Additions of up to 0-5 per cent arsenic irnprov^e the tensile strength 
of annealed copper by somewhat less than 1 ton per sq. in. and only 



Fkj. 66. PROPEKTIES OF CoPPER AT ElRVATRI) TsIMPE KATE RES 

very slightly increase its hardness values. In the cold-worked condi- 
tion, however, the effect of arsenic is reflected in quite an appreciable 
increase of strength and of hardness, e.g. after cross-sectional reductions 
of 50 per cent, the tensile strength of arsenical copper is up to 2 tons 
per sq. in. greater and Brinell hardness 15 points higher than with 
H.C. copj)er.* In addition to giving general toughening or strength- 
ening, arsenic also slightly raises the endurance limit as determined 
by fatigue testitig. 

Arsenic raises by about 100° C. the temperature at which softening 
upon annealing first occurs, and also slightly improves the retention % 
of strength at elevated temperatures. These two features .have been 
responsible for the adoption of arsenical copper for a large number of 
applications, such as locomotive fire-boxes. 

The ele<5trical and thermal conductivity of copper is adversely 
♦ Copper Development Association. 
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influenced by the presence of arsenic, and with an arsenic content of 
04 per cent the conductivity values may be less than half the corre- 
sponding H.C. copper values. In comparison with alloys of most other 
metals, however, these values are still of a high order. 

Silver in amounts up to 0*1 per cent raises the temperature required 
for initial softening upon annealing, but has a negligible influence 
upon the conductivity values. These copper-silver alloys are employed 
for parts which require hardness with high conductivity at somewhat 
elevated temperatures where ordinary work-hardened H.C. copper 
would be softened. A typical application is in connection with electrical 
switchgear contacts. It is also employed for parts that have to be 
soft soldered without the risk of softening the metal, e.g. radiator 
gills on tubes. 

Cadmium, a whitish metal similar to zinc with a tensile strength of 
only 4 to 5 tons per sq. in., when added to copper in an amount of 
0*8 to 1-0 per cent increases the tensile strength by about 50 per cent 
with a corresponding reduction in the electrical conductivity of only 
about 15 per cent (in the work-hardened condition). With the addition 
of 0*9 per cent of cadmium it is possible to produce the smaller sizes of 
wire with a tensile strength of about 45 tons per sq. in. and an 
electrical conductivity of about 85 per cent of the I.E.C. standard 
for annealed copper. 

Cadmium-copper wires of this class are used for telegraph and 
telephone line purposes; for trolley wires the larger sections of wire 
employed have a minimum tensile strength of 28 tons per sq. in. and 
89 per cent electrical conductivity. This alloy is also used for high 
tensile overhead electrical transmission lines and it is claimed to be 
superior in certain important qualities to steel-cored aluminium cable.* 

Other Copper Strengthening Elements 

The tensile strength and hardness of copper are improved by the 
addition of small percentages of a number of different elements 
including tin, zinc, nickel, and aluminium. The effect of each of these 
elements as well as cadmium upon the strength and hardness is illus- 
trated clearly in Figs. 67 and 68. The greatest improvement in strength 
and hardness is that due to tin and aluminium ; zinc and nickel up to 
8 per cent do not affect these qualities appreciably. 

The copper-zinc alloys form the well-known group known as the 
brasses. 

The copper din alloys are generally termed bronzes, although many 

* “Cadmium-Copper Conductors," O. W. Preston, KlectriAsal Review, 16th 
March, 1936. 
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other alloys having no tin at all are now referred to as bronzes, e.g. 
copper-aluminium alloys are called aluminium bronzes. It should be 
noted that manganese bronze is a high tensile brass containing a small 
amount of manganese. 

Beryllium is another strengthening element, to which reference is 
made later in this chapter. 

Nickel, in small amounts up to about 10 per cent, in certain copper- 
zinc and copper-tin alloys increases their tensile strength, hardness 
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Fig. 67. Effect of Different Fig. 68. Effect of Different Ele- 
Elements on the Hardness mbnts on the Tensile Strength of 


OF Copper Alloys Copper Alloys 

(C.D.A.) (C.D.A.) 

and ductility whilst at the same time providing greater resistance to 
corrosion at normal and elevated temperatures. 

Typical Alloys ol Copper 

Before dealing in rather more detail with the common alloys of 
copper it is of interest to give a summary of the principal alloys used 
in automobile and aircraft construction. The compositions, mechan- 
ical properties, B.S. specifications and applications of these are given 
in Table 46.* 

* “Copper and Its Alloys in Automobile Design,” D. P. C. Neave, Proc. Inst. 
AtUom. Engra., February, 1937. 
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The Brasses 

The alloys of copper and zinc are more generally referred to as 
“brasses,’’ but special commercial brasses also contain smaU amounts 
of other elements, such as nickel and lead, which give them certain 
advantages in particular applications. 

Molten copper will dissolve zinc in all proportions, namely, up to 



Fig. 69. Rolled and Annealed P'kj. 70. Rolled and Annealed 

Yellow Metal (61% C). x 100 70/30 Brass, x 100 

(C.D.A.) 

nearly 100 per cent zinc, with suitable precautions in regard to the 
stirring, and will give a uniform liquid solution. 

This uniform solution can also be obtained in the case of brass 
when solidified, provided the zinc content does not exceed 37 per cent. 
The resulting alloy consists of crystals of a uniform solid solution of 
zinc dissolved in copper. This is known as the alpha solid solution. 
The alpha brasses coming within this category include the Gilding 
Metals (6 to 20 per cent zinc); Cartridge Brass (30 per cent zinc); 
Yellow or Muntz Metal (40 per cent zinc) ; Dutch Metal (20 per cent 
zinc) ; Red Brass (15 per cent zinc) and other alloys known by trade 
names. 

There is another group of brasses, known as the alpha-beta ones, 
having a higher zinc content and containing a second zinc-rich con- 
stituent ; namely the beta solid solution, occurring as distinct crystals 
of reddish colour. The resulting duplex structure is known as an 
alpha-beta brass. 
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The equilibrium diagram* for these two types of brasses is given in 
Fig. 72, which shows the melting points of the copper-zinc alloys 
containing up to 50 per cent zinc ; it shows also at the various temper- 
atures whether alpha or beta crystals, or both, are present. It should 
be added that whilst the equilibrium diagram in Fig. 72 is sufficiently 
correct for general explanation purposes it appears to require slight 
modification as a result of more recent research. Further, in the case 
of zinc-rich brasses, e.g., 37 per cent zinc or 63/37 brass, it is necessary 



Fig. 71. Examples of Hot Brass Stampings for Automobile, 
Building, and General Engineering Purposes 
{CJhA.) 


that the cooling should be slow enough to give the crystals time to 
rearrange their form. 

The alpha brasses possess good tensile strength combined with 
considerable ductility when cold, making them suitable for producing 
sheet, strip, tube, wire, etc. 

The comparative mechanical strength properties of these brasses 
in the wrought condition are shown in Fig. 73 ;t the lower curve 
indicates the strength values of these brasses when annealed. 

The alpha-beta brasses when cold contain hard beta crystals which 
give increased tensile strength but reduce the ductility. When heated, 
however, the presence of the beta crystals renders the brass plastic 
over a wide range of temperature, so that brasses containing 39 to 43 
per cent of zinc are easily worked by hot-rolling, extruding or hot 
stamping at temperatures from 600® to 800° C. 

♦ “Copper and Its Alloys,” F. A. Fox, M&chinery, 19th May, 1938. 

t Brasses and Other Copper-Zinc Alloys, Pub. of Copper Development 
Association. 
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The alpha brasses, on the other hand, retain high strength in com- 
pression at elevated temperatures, and therefore require greater power 
to hot- work them ; the purer alpha brasses are now hot-rolled com- 
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Fig. 72. Equilibrium Diagram 
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mercially at somewhat higher temperatures than the alpha-beta ones 
and with more powerful mills. 

Physical Properties o! Brasses 

The specific gravity of copper-zinc alloys varies from 8-93 for pure 
wrought copper, down to 8-28 for the 50 per cent zinc (50/50) alloy. 
For other intermediate alloys the specific gravity is approximately 
proportional to the zinc content. 

The average coefficients of thermal expansion per deg. C. from 25° 
to 100° C. of typical brasses and for H.C. copper are as follows — 


80/20 gilding metal . 
66/35 brass 
60/40 brass 
H.C. copper 


0000018 

0000019 

0000020 

0000017 
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The coefficients increase with higher temperatures, being 10 per 
cent higher for the range 200° C. to 300° C. 

The specific heat (average) of copper-zinc alloys at normal temper- 
atures is 0*092 C.G.S. units. 

The thermal conductivity of H.C. copper is 0*92 to 0*94 C.G.S. 
units at 20° C. When additions of other elements are made to H.C. 
copper its conductivity values are reduced. Thus zinc additions — 
as in brasses — ^reduce both the electrical and thermal conductivities. 
For example, the conductivities of 95/5 gilding metals are about 65 
per cent to 60 per cent of the H.C. copper value. 

The 70/30 cartridge brass, 65/35 bra^s and 60/40 yellow brass all 
have a somewhat similar electrical conductivity, namely, about 27 per 
cent, and a thermal conductivity of about 30 per cent of the corre- 
sponding H.C. values. 

Season Cracking 

Many of the alloys of copper — ^notably the alpha and high tensile 
brasses — are liable, under certain conditions, to develop surface cracks, 
either during manufacture or when stored. This defect, known more 
commonly as ‘'season cracking,” occurs with cold- worked metals, but 
never with annealed or cast alloys. 

Microscopic examination of the cracks reveals that these occur 
between and never across the crystals, a fact which indicates that they 
are caused by internal stresses — ^tensile or compressive — ^which are 
ultimately relieved by the springing apart of the metal at its weakest 
place, namely, across the crystal boundaries. 

Season cracking often occurs with pressed or stamped sheet metals, 
rods and tubes fabricated by cold- working processes. Such cracks may 
not, however, develop until long after manufacture, but can be 
accelerated if the parts are subjected to heating of an uneven or rapid 
nature. Another cause is when articles are soldered ; then cracks may 
occur due to the temperature of the molten solder. Yet another cause 
of accelerated cracking is that of chemical action or corrosion. Typical 
agents causing cracks in internally stressed alloys include ammonia 
salts, sulphur dioxide, oil and mercurous nitrate. The latter chemical 
is particularly effective and it is often employed as a means of testing 
cold- worked articles, such as pressings, for such cracks ; if the latter 
do not occur after immersion of the article it is generally assumed that 
similar parts will remain immune under normal usage conditions. 
The design of the dies used for sheet metal pressings has a considerable 
influence on the production or absence of seasonal cracking tendencies, 
the general aim being to prevent severe internal stresses from occurring 
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and to relieve ordinary stresses in multiple press operations by anneal- 
ing. Annealing relieves stresses in cold- worked articles and season 
cracks are thereby prevented. 

Since the strength properties of many copper alloys are reduced 
considerably by annealing, this process is sometimes inapplicable as a 
means of avoiding season cracking, so that in many instances a low 
temperature heat-treatment method is employed to reduce the season 



Fig. 74. Typical Examples op Bhass and Copper Extruded Sections 

Prom left to right, (1) jiiid (2) eopiM'r switch gear units: (:0 to (.'>) Vurioiis 
extruded sections; (d) Tiiterlwkiiig section; (7) to (end) Short lengths from two 
examples of S(;etions extruded open and afterwanls drawn together in a die. 

(C.I).A.) 

cracking tendency. Such treatment, involving maximum temperatures 
of 2(W to 300° C., as a rule not only avoids softening but mfiy even 
result in a considerable improvement in the limit of proportionality 
and proof stress of hard- worked alloys. 

Notes on the Brasses 

As the proportion of zinc is increased in copper-zinc alloys the 
colour changes from the reddish copper shade to the golden colours of 
the 95 to 80 per cent copper or gilding metals. When the copper is 
reduced to about 70 per cent the yellow colour becomes paler, inclining 
to greenish, and with further reduction in the copper content the 
yellow colour becomes warmer until with 60 per cent copper the yellow 
ochre of the '‘yellow metal’’ is attained. A further reduction causes a 
reversion to the golden colour. 

Oilding Metals, These 80 to 95 per cent copper alloys have tensile 
strengths in the hard condition of 26 to 33 tons persq.in.,and elongations 
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of 49 to 60 per cent (annealed), are very ductile and can be cold- 
worked to a considerable extent without serious work-hardening. Such 
metals are used for jewellery and for ornamental purposes as they 
possess a golden colour. The 97 per cent alloy is used for the caps of 
cartridges and is known as cap copper. 

Cartridge Brasses. The 70/30 brass is probably the most important 
of the alpha brasses and has the greatest elongation values, namely, 



Fig. 75. (Left) Typical Automatic Lathe Products Machined from 
Extruded Brass Bars, and (Right) Brackets, etc., Parted Off 
FROM Lengths of Extruded Brass Sections 


about 70 per cent (annealed) of the copper-zinc alloys. It is widely 
employed for cold drawing, pressing and spinning purposes ; it can be 
drawn at about three times the rate of ferrous materials. Further, in 
deep drawing work two operations will usually give a deeper product 
than three draws on steel. It is important, in the case of metal for deep 
drawing, that the iron and lead content should be below 0-05 per cent 
and bismuth and antimony should be absent. 

It has an annealing temperature of 600° C. With the presence of 
impurities or too high an annealing temperature the grain size becomes 
relatively large, and individual grains may appear at the surface, 
giving rise to what is known as orange peel” effect. 

Basis Brass. This is probably the cheapest form of brass which is 
suitable for cold-working. It contains between 61*5 and 64*0 per cent 
of copper. A typical percentage composition is as follows: Cu, 63-0; 
Zn, 37. This alloy (annealed) has a tensile strength of 23 tons per sq. 
in. with 60 per cent elongation ; in the hard-drawn state, after 50 per 
cent reduction of cross-sectional area by cold- working, the tensile 
strength is raised to 38 tons per sq. in. The 63/36 brass with I per 
cent of lead is more machinable and is used for mass-production 
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machined parts. The ordinary basis brass is covered by the British 
Standard Specification No. 265. 

Muntz Metal. Sometimes known as Yellow Metal this alloy contains 
60 per cent , copper and 40 per cent zinc. It is used principally on 
account of its golden yellow appearance for ornamental purposes, such 
as hand fabricated parts of Oriental origin. It is not suitable for 
pressing and similar fabricating processes, but owing to the fact that 



Fig. 76. Effect of Cold Drawing upon Tensile 
Strength of Copper -zinc Alloys 


at the hot-working temperature it consists entirely of the plastic beta 
phase it is a particularly good hot- working metal. 

Hot Stamping Brass, This includes the alpha-beta brasses with 
about 58 to 62 per cent copper, which are very plastic when hot, and 
can be stamped, forged or extruded at 600° C. to 800° C. A very wide 
range of stampings employed in engineering work is made from these 
brasses. Thus, in automobile work such parts include control levers, 
pipe junctions, petrol taps, drain plugs, control gear pinions, water 
pump rotors, wing-nuts, small brackets, etc. The alloy preferred for 
this purpose contains per cent of lead to facihtate machining 
operations. A tjrpical composition, which conforms to the British 



154 


ENOINBEBING MATERIALS 


Standard Specification No. 218,* has the following percentage compo- 
sition: Cu, 58*0; Zn, 40-5; Pb, 1*5. 

The average tensile strength is 25 tons per sq. in. with a minimum 
of 25 per cent elongation. 

Mechanical Properties of Brasses 

The tensile strength and other mechanical properties of brasses 
depend a good deal upon the condition, i.e. whether cast, forged, 
extruded, rolled, or annealed, and upon subsequent cold-work on the 
metal. The grain structure of cast metal becomes modified with hot 
or cold working and annealing, and the strength is normally greater 
in wrought forms. 

The values given in Table 47 illustrate the improvement in tensile 
strength and hardness, but with reduced ductility, upon 70/30 cartridge 
brass in the hard-rolled sheet condition : — 


TABLE 47 

Mechanical Properties of Cartridge Brass (70/30) 


Condition 

1 

Proof Stress 
(O-lOo/,) 
Tons per 
sq. in. 

Maximum 
Stress 
Tons per 
sq. in. 

Elongation 
on 2 in. 
per cent 

Brinell 

Hardness 

Number 

Chill castings (i.e. strip 





ingots prior to roll- 



* 


ing) 

6 

16 

60-70 

60 

Hard-rolled sheet 

Over 25 

30-40 

10-15 

160-200 

Sheet annealed after 





rolling . 

6 

20-23 

65-75 

60 


The effect of cold-rolling upon the mechanical properties of 70/30 
cartridge brass strip is illustrated in Fig. 77. t The results show how 
the tensile strength, proof stress and hardness increase progressively 
with the amount of cold-rolling whilst the ductility diminishes con- 
tinuously. 

Temper of Brasses. The effect of the amount of cold work is usually 
referred to as the ''temper'' of the metal. The soft temper condition 
refers to the annealed metal with a Brinell hardness below about 80. 
The quarter and half-hard tempers cover metal of about 80 to 120 
Brinell hardness. Hard temper metal has a Brinell hardness of about 


* See Table 46. 

t C.D.A. publication, “Brasses.” 
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120 to 150, whilst ^jmng hard terwper refers to hardnesses of 150 Brinell 
upwards. 

In regard to the fatigue or endurance limit of wrought brasses of 



FtG. 77. Effect of Cold-kolling on the Mechanical 
Properties of 70/30 Brass Strip 

85 per cent copper and downwards, this usually lies between d: ^ 
d: 10 tons per sq. in. for 50 million stress reversals. Cold- worked 
alpha brasses, if subjected to low temperature heat -treatments at 
250° to 270° C., can give endurance values up to J: 13 tons |ier .^q. in. 
for 50 million stress reversals. 


t) (1.5303) II 
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Carroaim Resistance. In regard to the corrosion resistance of 
brasses, those of higher copper content have greater resistance to 
many forms of corrosion than those of lower copper content containing 
the Iteta constituent. 

In general the brasses offer very good resistance to atmospheric 
corrosion, being greatly superior to ordinary steels and iron. For 
improved corrosion resistance properties small proportions of other 
constituents such as aluminium and tin may be made. Thus for con- 
denser tubes a small amount of aluminium is employed and for marine 
purposes, tin. 

Admiralty or Naval Brass. A typical corrosion resisting brass 
known as Admiralty Naval Brass has about 1 per cent of tin. It 
conforms to the British Standard Specification No. 251, and has the 
following percentage composition: Cu, 61*0 (min.); Sn, 1*0; Total 
impurities, 0*75 (max.) ; Zn, the remainder. 

Aluminium Bra^s. As previously noted, aluminium is included in 
certain brasses for the purpose of improving their resistance to corro- 
sion. With about 2 per cent of aluminium the resulting 76/22 brass has 
good sea-water corrosion resistance and is used for marine condenser 
tubes and other exposed parts. It has a tensile strength (extruded) of 22 
tons per sq. in. with 70 per cent elongation and 6 tons per sq. in. proof 
stress. In the hard-drawn condition the tensile strength is increased 
to 40 tons per sq. in. with about 10 per cent elongation and 28 tons 
per sq, in. proof stress. 

Improved Machinable Brass 

In order to improve the machining properties of certain brasses 
small amounts of lead are added. Thus in the case of 60/40 brass 
additions of 1 to 3 per cent of lead render it “free-cutting.” The lead 
does not alloy itself with the copper or zinc but separates into very 
small isolated globules which, during machining operations, cause the 
turnings to break off short so as to free themselves readily from the 
cutting edge of the tool. 

A typical brass of this kind is that conforming to the British 
Standard Specification No. 249 (Brass Bars for High Speed Screwing 
and Turning) which has the following percentage composition : Cu, 56 to 
60 ; Pb, 1*75 to 3*0 ; Total impurities, 0*75 (max.) ; Zn, the remainder. 

This metal has a minimum tensile strength of 20 tons per sq. in. 
with a minimum elongation of 20 per cent. 

The cuUi'ng speeds for lead-containing brasses of this class can be 
much higher than for ordinary brasses or fi:ee-cutting steel so that a 
marked saving in manufacturing costs can be effected. 
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High Tensile Strength Brasses 

This group of brasses consists of copper-zinc alloys of the 60/40 
type with the addition of small percentages of other elements such as 
manganese, aluminium, iron, tin or nickel, to improve the tensile 
strength values. The percentages of the added element or elements 
generally lie between about 0-5 and 3*0. The added element is usually 
present in the form of solid solution, often dissolving in the beta phase. 
Some of the elements appear to act in a similar manner to zinc, but in 
a different proportion, in the copper-zinc alloy. 

In this connection it may be of interest to mention a principle 
originally put forward by Guillet in 1906, which expresses the zinc 
replacement capacity of various elements when added to brass. These 
equivalents are given in Table 48. Thus, the effect of 1 per cent of 
silicon in brass is approximately the same as 10 per cent of zinc ; 
1 per cent of aluminium as 6 per cent of zinc ; and so on. 


TABLE 48 

Equivalent Values of Elements to Zinc in Copper-zinc 

Alloys 


Element 

Equivalent ! 
Value 

! 

Element 

Equivalent 

Value 

Nickel 

i -- 1*2 

Magnesium 

2 

Manganese 

i 0*5 

Tin . . . : 

2 

Iron 

0-9 

Aluminium 

6 

Lead 

10 

Silicon . 

1 ... i 

10 


In regard to the negative value for nickel in Table 48, this indicates 
that 1 per cent of nickel operates in a similar manner to 1-2 per cent 
of copper. It is of interest to note that although this principle was 
discovered so long ago it applies, with certain reservations (in the 
case of complex alloys), to the microstructures. 

Aluminium High Tensile Strength Brasses 

These high strength brasses have been referred to previously, in 
regard to their good corrosion resistance properties. As cast the tensile 
strengths are high, but with small elongations. 

The aluminium content does not exceed 4 per cent and since the 
equivalent value of aluminium is high the copper content must also be 
kept up; thus, the best results are obtained with about 60 per cent of 
copper. 
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The eflfect of increasing proportions of aluminium on chill cast 
brasses of the 60/40 composition is shown in Table 49.* 


TABLE 49 

Effect of Aluminium on Chill Cast Brasses 


Composition 

Yield 
Point 
Tons 
per 
sq. in. 

Max. 
Stress 
Tons 
per 
sq. in. 

Elonga- 

tion 

per 

cent on 

2 in. 

Reduc- 
tion of 
Area 
per 
cent 

Brinell 

Hard- 

ness 

Copper 

per 

cent 

Zinc 

per 

cent 

Alumi- 

nium 

per 

cent 

1 

58*96 

41*04 

Nil 

8*8 

24*9 

45*0 

49*7 

90 

69*48 

39*52 

1*00 

14-8 

320 

300 

33*5 

114 

58-3S 

40*11 i 

1*54 

16*4 

35-2 

17*0 

18'5 

129 

58*26 

39*56 

2*18 

16*0 

36*4 

16*0 

21-5 

138 

59*85 

37*13 

3*02 

22*3 

42*0 

18*5 

21*5 
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From these results it will be observed that the tensile strength and 
hardness increase with the aluminium content up to the maximum 
amount tested, namely, 3 02 per cent. The elongation diminishes 
quickly at first but remains fairly steady for 2 to 3 per cent aluminium 
content. 

Some further results for high tensile aluminium brasses of higher 
aluminium content are given in Table 50.t 


TABLE 50 

Mechanical Properties of Typical High Tensile Aluminium 

Brasses 


Condi- 

Copper 

Zinc 

Alumi- 
nium 
per cent 

Iron 

Nickel 

Yield 

Point 

Tensile 

Strength 

Elonga- 

tion 

per cent 

Brinell 

Hardness 

tlon 

per cent 

per cent 

per cent 

per cent 

Tons per 
sq. in. 

Tons per 
sq. in. 

10 kg. 
per 1 mm. 

Cast \ 
Forged / 

58-85 

38-05 

3-10 



20-5 

18-9 

38-6 

43*0 

19 

29 

148 

169 

Cast 

600 

31 46 

4-10 

1-46 

3-0 


446 

12 



The aluminium brasses have a bright yellow colour and are all 
strongly resistant to corrosion, but cannot readily be soldered. A still 

* Amer, Inst, Min, Met. Eng., O. Smalley, 1926, 73, 799. 
t “Copper and Its Alloys,” F. A. Fox, Machinery, 19th May, 1938. 
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further improvement in the corrosion resisting qualities is effected by 
the addition of about 2 to 3 per cent of nickel ; certain types of marine 
propellers are made of such alloys. 

Manganese Bronze 

This term is a misnomer as it is the name given to a 60/40 brass 
containing small additions of manganese, and tin or aluminium for 
hardening and strengthening purposes. The manganese content is 
about 1 per cent, although low manganese high tensile brasses con- 
taining up to 0-05 per cent manganese have higher mechanical properties 
than those without this element. When both aluminium and man- 
ganese are present in equal but small proportions, tensile strengths of 
30 tons per sq. in. are obtained in the cast condition. 

A typical manganese bronze used for castings to replace certain 
steel and malleable iron forgings, water pump rotors and marine 
propellers has the following percentage composition: Cu, 56*0; Zn, 
41-5; Mn, 0-25; Fe, 10; Sn, 10; Al, 0-25. 

In the sand-cast state this alloy has a yield point and tensile strength 
of 17 and 34 tons per sq. in. respectively, with 28 per cent elongation. 
The limit of proportionality is 11 tons per sq. in. and Brinell hardnoss 
140. A typical manganese bronze of the extrusion and hot-rolled kind 
has a tensile strength of about 35 tons per sq. in. with 22 per cent 
elongation and 0*15 per cent proof stress of 17 tons per sq. in. 

The manganese bronzes can be readily extruded and hot stamped. 
They are employed in automobile work for gear-box selector forks, 
various bushes, control gear pinions, high tensile cylinder and exhaust 
joint nuts, pump casings, etc. These alloys have also been used for 
locomotive and truck axle-boxes. 

Standard High Tensile Strength Brasses 

A number of high strength brasses for castings and in the bar and 
section form are included in the British Standard Specifications. 

The B.S.S. No. 208 refers to high tensile brass castings and includes 
five classes specified to give minimum tensile strengths of 28 to 45 tons 
per sq. in. with corresponding proof stresses of 12 to 25 tons per sq. in. 
and minimum elongations of 25 down to 12 jpev cent. Higher values 
are possible from certain commercial high tensile brasses when in the 
hot-worked condition, and cold-working will increase the tensile 
strengths still further, but with a loss of ductility. 

In regard to the impact resistance of these brasses Izod impact 
values of 20 to 30 ft./lb. are obtained from the extruded forms. 

The B.S.S. No. 2^ relates to high tensile brass bars and sections 
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containing 54 to 62 per cent copper and the remainder (with the 
exception of alloying elements up to 6 per cent) zinc. Two grades 
are specified, namely, (1) Grade A, with a minimum tensile strength 
of 30 tons per sq. in. ; 0*15 per cent proof stress of 16 tons per sq. in., 
and 26 per cent (minimum) elongation ; and (2) Grade B, with corre- 
sponding values of 36 and 18 tons per sq. in. and 20 per cent 
respectively. 

Temper-hardening Brasses 

A more recent group of brasses now available commercially pos- 
sesses the property of being strengthened by suitable heat-treatment 
processes in a somewhat similar manner to duralumin. This hardening 
property is due to the combined presence of nickel and aluminium 
or other elements in given proportions. 

A t 3 q)ical temper-hardening brass has the following percentage 
composition : Cu, 72 ; Ni, 6-0 ; Al, 1*5 ; Zn, 20*5. In the soft condition, 
which is obtained by quenching from 850° C., the metal has a tensile 
strength of 23 tons per sq. in., proof stress of 5 tons per sq. in., and 
elongation of 60 per cent. 

When heat-treated at 600° C. the corresponding values are 36, 22 
and 30 respectively. If, however, the alloy is heat-treated after cold 
work the values of the tensile strength and proof stress are increased 
to 48 and 46 per cent respectively, and the elongation reduced to 
11 per cent. 

Strength of Copper Alloys at Elevated Temperatures 

The alpha brasses with their higher copper content possess better 
strength properties at elevated temperatures than the alpha-beta and 
beta brasses, and they have also better creep characteristics at higher 
temperatures. Some experimental results* are given in Table 61 for 
two types of brass, namely, the 60/40 and 70/30 and it will be observed 
from these values that the higher copper content brass is much stronger 
and more ductile at 427 °.C. than the lower content one. 

In regard to the creep resistance of the alpha and alpha-beta 
brasses, the inferiority of the alpha-beta alloys at high temperatures 
is illustrated by the values given in Table' 52 due to C. L. Clark and 
A. E. White. 

The strengths at elevated temperatures of other alloys of copper, 
including special brasses, bronzes and other alloys, vary considerably 
according to their, compositions and condition, i.e. whether cast, 
wrou^t, annealed, etc. In general the strongest bronzes at elevated 

* C. L. Clark and A. E. White, Amer, Soc. Mech, Eng,^ 1930 and 1932. 
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TABLE 51 


Strengths of Brasses at Elevated Temperatures 



1 

Temperature 



76° F. 

400° F. 

600° F. 

800° F. 

Material and Properties 

24° C. 

205° C. 

315° C. 

427° C. 

70 : 30 Brass (cold drawn — 26 per cent 
reduction) — 

Limit of proportionality, tons per 
sq. in. 

10-3 

5*8 

30 

1*8 

Tensile strength, tons per sq. in. 

31-3 

29-3 ! 

230 

9-4 

Elongation, per cent on 2 in. . 

24-3 

120 

4-5 

260 

Reduction of area, per cent . 

61'5 

28-5 

90 

230 

60 : 40 Brass (hot rolled) — 

Limit of proportionality, tons per 
sq. in. .... . 

4-9 

2-5 

0*67 

0*22 

Tensile strength, tons per sq. in. 

24-7 

21-2 

11*4 

3-9 

Elongation, per cent on 2 in. 

510 

50-5 

400 

180 

Reduction of area, per cent . 

57-2 

57*9 

37*5 

25-6 


TABLE 52 

Creep Characteristics of Commercial Brasses at 
Elevated Temperatures 



Temperature | 

Stress (Tons per sq. in.) to Produce 
Designated Rate of Creep 

Material 



,No 

Rate of 
Creep, 

Rate of 
Creep, 

Rate of 
Creep, 


Deg. 

Deg. 

Measur- 

0-01 per 

010 per 

1-00 per 


Fahr. 

Cent. 

able 

Flow 

cent Flow 
per 1000 
Hours 

cent Flow 
per 1000 
Hours 

cent Flow 
per 1000 
Hours 

85 Cu 16 Zn 

400 

205 

3*3 

3-9 

5-4 

7*6 


600 

315 

(a) 

0-45 

1-2 

3*0 

77 Cu 22 Zn 1 Sn 

400 

205 

3-3 

4-7 

5*8 

7-4 


600 

315 

(a) 

0-54 

11 

2*4 

70 Cu 30 Zn 

400 i 

205 

4-5 

5-7 

8-0 

120 


600 

315 

(a) i 

013 

0-38 

0*96 

70 Cu 29 Zn 1 Sn 

400 

205 

4-5 

5-8 

8-5 

120 


600 

315 

(a) 1 

0-45 

0-87 

1*7 

60 Cu 40 Zn 

300 

150 

3-3 

40 

5*4 

7*6 


400 

205 

(a) 

0-9 

21 

5*1 

59 Cu 40 Zn 1 Sn 

300 

150 

4-5 

5-4 

6-7 

9*6 


400 

205 i 

(a) 

1-6 i 

i 

2*5 

4-2 


(a) Known to be very small and believed to approach zero. 
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temperatures are the nickel, chromium, and aluminium bronzes : these 
are considerably stronger than the brasses. The other copper alloys 
most suitable for elevated temperature service appear to be those 
containing small proportions of tin, nickel, aluminium and manganese. 

The copper -nickel-silicon alloys having 0*75 to 2-0 per cent silicon 
and 0*5 per cent silicon — of which Kuprodur is a well-known example 
that is used for locomotive fire-boxes — are also suitable for use at 
elevated temperatures. These alloys ]>ossess precipitation hardening 
properties, but are inclined to be brittle with higher nickel content 
than 1 per cent. In regard to the bronzes, whilst the plain copper-tin 
ones give good service for such purpose as boiler mountings, the nickel 
bronzes are stronger, whilst the chromium bronzes are superior in 
strength properties at elevated temperatures. 

For special applications where maximum strength and corrosion 
resistance are required the high nickel-copper and nickel-copper -tin 
alloys possess about the greatest strengths for temperatures of 300° C. to 
500° C. Table 53* gives particulars of a number of copper-base alloys 
and their tensile strengths and elongations over the 300° C. to 500° C. 
temperature range. 

Some further information on the subject of high temperat'Te 
properties of copper alloys is given in the graphs shown in Fig. 95, 
on page 200. 

The Bronzes 

The term “bronze” is normally applied to the alloys of copper and 
tin, but more generally, with the addition of other elements such as 
zinc, nickel, phosphorus, aluminium, lead, etc., other alloys are now 
included. Typical instances of these are phosphor bronze, gunmetal, 
lead-bronze, plastic- bronze, nickel -bronze. 

The copper-tin alloys usually contain from 5 to 20 per cent of tin, 
although most of the useful commercial bearing alloys contain from 
10 to 12 per cent of tin; other cast gimmetals have from 5 to 10 per 
cent of tin. 

The approximate equilibrium diagram for the copper-rich alloys 
of copper and tin is shown in Fig. 78,t from which it will be seen that 
the alpha solid solution range is from 0 to 16 per cent tin content. 
For greater tin contents there is a eutectoid transformation with an 
alpha-delta eutectoid. The equilibrium conditions appear difficult to 
establish in the bronzes due to occurrence of unstable phases and 

* “Copper Alloys in Engineering,” H. J. Miller, The Metal Industry, 1 1th 
8th, and 25th November, 1938. 

t “Copper and Its Alloys,” F. A. Fox, Machinery, 19th May. 1938. 
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that shown in Fig. 79. This consists of a hard tin-copper constituent, 
namely, the delta, in a softer alpha matrix. When the percentage of tin 
is increased above 7 per cent the amount of the harder constituent 
increases progressively and the strength and hardness also increase. 
Above about 12 per cent tin content the delta content produces great 
hardness, but with increased brittleness, so that a limit of usefulness 
for most commercial purposes is reached at about 15 per cent tin 
content, although for special applications as much as 20 per cent of 
tin is employed. 

Thus the 15 per cent tin bronze is used for locomotive slide valves, 
as it possesses great hardness and wear resistance. 

With the addition of small amounts of iron, (ihromiiim or vanadium, 
however, the tin content can be raised, whilst with 0*25 to 5*0. per 
cent of manganese, tin amounts up to 20 per cent can be employed 
in making hot- working bronzes. 

The bronzes containing up to about 10 per cent tin can be produced 
in the form of cold-drawn rod or tube. As work-hardened in this 
manner, after annealing, the bronzes have a homogeneous structure 
consisting only of the alpha constituent. Such bronzes are suitable for 
medium-duty bearings and bushes. 

In general the copper-tin bronzes have poor hot- working properties 
and it is usual to limit the tin content to about 3 per cent for hot- 
working. 

Effects of Other Elements in Copper-tin Bronzes 

It is now customary to add small percentages of other elements to 
copper-tin bronzes in order to improve their properties. The principal 
(dements employed for this purpose are j^hosphorus, lead, zinc and 
nickel ; the effects of these elements arc briefly as follows — 

Phosphorus. This acts as a deoxidizer and improves the casting 
qualities. When present up to 0*1 per cent the hard tin-oxide which is 
liable to occur in plain copper-tin bronze and is the cause of hardness 
and scoring in service is removed ; the crystal structure and wearing 
properties are thereby improved. From 0*1 to 0*5 per cent of phos- 
phorus above that needed for deoxidization introduces a very hard 
copper -phosphide compound which increases the hardness but tends 
to make it more brittle. 

Lead. Lead does not enter into the copper and remains as a separate 
constituent in the form of microscopic globules distributed through 
the bronze and improves its plasticity, so that these bronzes can com- 
pensate to some extent for small inaccuracies of alignment in bearings. 
A further advantage is that such leaded bronzes can be used for 
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bearings of unhardened steel shafting and in the event of temporary 
failure of oil supply are not so liable to seize as ordinary bronze bearings. 
Prom 1 to 2 per cent of lead improves the machinability. Lead in 
amounts of 6 per cent and upwards reduces the dry coefficient of 
friction ; up to 12 per cent it improves the plasticity but reduces the 
toughness. Reference to the leaded bronzes with more than 20 per 
cent lead is made later. 

Zinc. This metal acts as a deoxidizer, and is often used instead of 
phosphorus for the purpose. The copper- tin bronzes containing up to 
6 per cent of zinc are known as gunmetals. 

Nickel. The effect of addition of nickel up to 2 to 3 per cent on 
copper-tin bronzes is to give an increase in tensile strength and tough- 
ness and to refine the crystal structure. In the case of leaded bronzes 
it has been claimed that the distribution of the lead particles is 
improved. The results of a comprehensive series of tests by N. B. 
Pilling and T. E. Kihlgren* upon various bronzes showed that in the 
case of a gear bronze containing approximately 87 per cent Cu, 1 1 per 
cent Sn, and 2 per cent Ni, the limit of proportionality in tension and 
compression was increased by 25 per cent as compared with the nickel - 
free base alloy. The yield point was also increased by 15 per cent. 
No loss of ductility occurred with nickel up to 3 per cent. 

In the case of a high lead bronze of the following percentage com- 
position, namely, Cu, 70; Sn, 7; Zn, 1-0; jPb, 21 ; Ni, 10, the limit 
of proportionality was increased by 50 per cent and the yield point 
by 20 per cent by the 1-0 per cent nickel addition to the basic alloy. 

The addition of nickel gives a slight increase in the melting point, 
namely, of 6*6"* C. per 1 per cent nickel when it replaces copper and 
18° C. when the nickel replaces tin. It is also claimed to density the 
metal and minimize the tendency towards incipient shrinkage cracks 
in certain bronzes. Further information on this subject will be found 
under the heading of “Nickel Bronzes.” 

Gunmetals 

These are alloys of copper, tin and zinc, with the latter element in 
small proportions up to 6 per cent (maximum). Usually, however, the 
percentage of zinc is limited to 2*5 owing to the tendency towards 
brittleness with greater proportions. 

The zinc, as stated previously, improves the casting properties and 
enables sounder castings to be produced. It is also a much cheaper 
metal than tin so that its use enables an economy to be effected. A 
t 5 ’pical composition is that of Admiralty gunmetal having the following 
♦ Nickel Bronzes, Bureau of Information on Nickel. 
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percentages of elements : Cu, 88 ; Sn, 10 ; Zn, 2. The average mech- 
anical properties for the sand cast metal are as follows: Tensile 
strength, 17 tons per sq. in.; elongation, 20-0 per cent on 2in. ; 
Brinell hardness, 65. 

In general rather better strength properties are obtained from sand 
cast than from chill cast gunmetal and although annealing is not 
usually recommended it improves the pnjperties in some cases. In 
this connection the results of some tests* are given in Table 54. 

TABLE 54 

Mechanical Properties of Gunmetal 


Condition 

Yield 
Point 
Tons per 
sq. in. 

Tensile 
Strength 
Tons per 
sq. in. 

Elonga- 

tion 

per cent 

Dry sand cast, slow solidifioatioji, slow 
cooling ...... 

11-0 

17-2 

240 

Dry sand cast, subsequently annealed for 




i hour at 700^ C. . ‘ . . . 

10*5 

180 

37-5 

Chill cast, rapid solidification, rapid cooling 

8-5 

irrO 

40 

Chill cast, subsequently annealed for J hour 




at 700‘^ C 

11-5 

20-0 

300 


Gunmetals are used for less expensive sand castings than the alloy 
bronzes where harder and better wearing qualities are required than 
for brass parts. Typical applications include gear-wheels, pump 
casings, bearings, bushings, and marine fittings. 

Phosphor Bronze 

The phosphor bronzes are copper-tin alloys having 0-1 to 1*5 per 
cent of phosphorus, the latter element being included not only for the 
purpose of deoxidizing but also to improve the structure and general 
strength properties of the metal. 

The copper-tin alloys employed contain from 5 to 20 per cent of 
tin, 0*1 to 1*5 per cent of phosphorus and the rest copper. The phos- 
phorus, as stated previously, results in the formation of the very hard 
copper-phosphide constituent (CugP) ; this improves the hardness and 
wear resistance. 

The cold- workable phosphor bronzes contain from 0*1 to 0*4 per 
cent of phosphorus and a maximum of about 7 per cent of tin. Such 

* Ante, page 163, note (lower reference). 
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bronzes can be rolled and extruded and give high tensile strengths 
and a high elastic limit. For this reason they are suitable for making 
springs for applications where high corrosion resistance is required. 
In the rolled strip form these bronzes will give tensile strengths up to 
40 tons per sq. in. 

Phosphor Bronze Wire. When employed for wire drawing purposes 
the tensile strength increases in proportion to the percentage reduction 



30 AO 50 

PERCENTAGE REDUCTION 


Fig. 80. Effkct of Cold Working on Mechanical Properties of 
Phosphor Bronze (6% Tin) 

of section, whilst the elongation decreases considerably. Some results 
of tests made upon phosphor bronze of 6 per cent tin content, which 
was subjected to progressive cold working by rolling and drawing 
through dies, are given in Fig, 80. It will be observed that the tensile 
strength and elongation for the original metal were 24 tons per sq. in. 
and 63 per cent respectively. When rolled as strip with 75 per cent 
reduction the tensile strength was increased to 53 tons per sq. in. with 
about 3 per cent elongation ; when drawn as wire with the same per- 
centage reduction the tensile strength was increased to 64 tons per 
sq. in. with about 3 per cent elongation. 

There are two grades* of phosphor bronze used for wire making, 
♦ British Standard Specification Xo. .‘i84. 



COPPER AND ITS ALLOYS 


169 


namely, the Low Tin Bronze (Grade A) containing from 3*5 to 5*0 
per cent tin and the High Tin Bronze (Grade B) having from 4*6 to 
7*0 per cent tin. 

The minimum mechanical properties of wires made from these 
bronzes are given in Table 55, based upon B.S.S. No. 384. 

TABLE 55 


Mechanical Properties of Phosphor Bronze Wires 


Nominal Diameter 
of Wire (inch) j 

Grade 

Minimum 
Proportion- 
ality Limit 
Tons per 
sq. in. 

Minimum 
Tensile 
Strength 
Tons per 
sq. in. 

Minimum 
Elongation 
per cent 
on 8 in. 

0*032 up to 0 064 . 

Low tin , 

20 

56 

0*60 


High tin 

22 

62 

0*50 

Above 0*064 up to 0*104 

Low tin 

20 

56 

0*75 


High tin 

22 

62 

0*75 

Above 0*104 up to 0*160 

Low tin 

17 

54 

0*75 


High tin 

22 

62 

0*75 


The modulus of elasticity value is about 18 x 10® lb. per sq. in. 
and the modulus of rigidity 6-5 x 10® lb. per sq. in. 

In connection with the use of phosphor bronze wire for springs 
the torsional stress value above which permanent set may occur is 
45,000 lb. per sq. in. Using these values in the case of helical coil 
springs (close-coiled) in the following general formulae, viz. — 

_ SPD^n 

^ ^ ^ ~Cd^ 

^ ~ ■ncP 


where / = total deflection (inches) ; n = number of coils ; P = 
applied load (lb.) ; D = mean diameter of coils (inches) ; C = modulus 
of rigidity; d = diameter of wire (inches), and 8 = torsional stress 
(lb. per sq. in.), we obtain — 

0021762)2 

^ = — T- 




and Safe Load (lb.) = — ^ — X ^ where K = factor of safety. 


Higher Tin Content Phosphor Bronzes, When the tin content is 
increased to 9 to 13 per cent, with 0-5 to 1*5 per cent phosphorus, the 
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alloys, on account of the greater percentage of copper phosphide, are 
very hard and possess excellent wear resistance. Moreover, they have 
also a low coefficient of friction and are therefore very suitable for use 
as bearings and for gear wheels. Bronzes with a lower tin and phosphorus 
content are used for steam and hydraulic valves and seatings. The 
phosphor bronzes, on account of their non-sparking properties when 
struck with other metals, are useful for tools that have to be used in 

the vicinity of explosive gases, 
vapours, etc. 

Phosphor bronzes with 9 to 12 
per cent tin and 0*4 to 0*5 per cent 
phosphorus are suitable for cast- 
ings of gudgeon pin and similar 
bushes, bearings, valve guides, 
worm wheels (for automobile final 
drives and general engineering 
purposes). Phosphor bronzes of 
5 to 7 per cent tin content possess 
very good resistance to sea-water 
corrosion and are used for marine 
fittings ; they have also given 
good results for steam turbine 
blading. 

Aluminium Bronze 

The beneficial effects of alumin- 
ium in the case of high tensile 
brasses containing up to 4 per 
cent aluminium have already been noted; its influence upon the 
mechanical and physical properties of copper, with the addition of ap- 
preciable quantities of other elements, e.g. iron, nickel, and manganese, 
but in higher percentages, up to about 14, will now be considered. 

Actually, these so-called “bronzes” contain no tin, the principal 
alloying elements being copper and aluminium. 

The equilibrium diagram for copper-aluminium alloys of the 
copper-rich range is given in Fig. 81. It shows an alpha solution up 
to 9*8 per cent aluminium, beyond which a beta phase of an unstable 
nature occurs in the hot alloy ; this breaks down at 570° C. into a 
mixture of alpha phase and a delta phase. The alpha-delta eutectoid 
whilst being hard also tends to be brittle ; for this reason it is usual in 
commercial alloys to limit the aluminium content to a maximum of 
10 to 11 per cent. 



Aluminium Content -per cent 

Fig. 81 . Equilibiuitm Diagkam ob’ 
CoPPEB-ALTIMmiUM AlLOYS 
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Cormncrcial aluminium bronzes can be arranged into two grouj)s, 
namely (1) those containing 4 to 7 per cent aluminium of the alpha 
phase homogeneous structure c*lass, and (2) those containing about 8 
up to 14 per cent aluminium, having a duplex struciture ; these bronzes 
include also additions of iron, manganese, nickel, and other elements 
in considerable amounts. 

Alloys of the former group possess good ductility and can be worked 
both hot and cold and are thus obtainable in the form of sheet, strip, 
tubes and wire for a wide range of applications. They are not, however, 
noted for high strength properties, being little superior to the alpha 
brasses, but their corrosion resistance is mu(;h better, so that they are 
more suitable for components exposed to severe corrosion conditions. 

Alloys of the second group in which the beta constituent is present 
in appreciable quantities are much harder but less ductile at ordinary 
temperatures, so that they can be cold-worked only to limited extents 
depending on the amount of beta phase. On the other hand, since the 
beta constituent is relatively soft at high temperatures these alloys are 
more easily hot-worked by forging, stamping, rolling and extruding. 
The 8*5 to 1 1 per cent aluminium bronzes arc therefore of (;onsiderable 
commercial importance in hot- worked sha])es. 

Physical Properties oi Aluminium Bronzes 

The specific gravity varies with the aluminium content from 8*8 
for 1 per cent of the latter, down to 7*44 for 11 per cent. 

The thermal expansion per C. of bronze of 10 per cent aluminium 
content is 0 000017 over a temperature range of 20^ C. to 100° C. and 
0*000018 over a range of 20° C. to 250° C. 

The thermal conductivity in C.G.S. units, from 20° C. to 200° C., is 
0*18. The electrical conductivity is usually taken as being about 
12 per cent of that of high coiidu(;tivity copper, but the conductivity 
is decreased by additions of iron and nickel. 

The commercial aluminium bronzes are practically non- magnetic, 
but certain complex bronzes containing appreciable proportions of iron 
are slightly magnetic. 

Mechanical Properties 

In regard to the mechanical properties of the copper-aluminium 
alloys, the general manner in which the tensile strength and elongation 
of the alloys in question vary with aluminium content, based upon the 
results of Carpenter and Edwards,* is shown for both cast and hot* 
rolled alloys in Fig. 82. f 

* ProG, Inst. Mech. Engrs,, 1907, 57. 
t Aluminium Bronze^ C.D.A, Publication, 1939. 
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The tensile strength ajid ductility both increase with the aluminium 
content up to about 7 to 7*6 per cent. The maximum ductility occurs 
for the cast metal over a range of 5 to 7 per cent aluminium, with the 
high value of about 70 per cent elongation. The hot-rolled metal has 



Fig. 821 General Mechanical Properties of Cast and Wrought 
Copper- ALUMINIUM Alloys 


a higher elongation, namely, 75 per cent over the wider range of 4 to 
7 per cent aluminium. 

The maximum tensile strengths for the hot-rolled and sand cast 
alloys occur at 10 per cent aluminium, the values being about 38 and 
32 tons per sq. in. respectively; the corresponding elongations are 
26 and 20 per cent respectively. 

The effect of chill casting in increasing the maximum tensile strength 
is shown by the tensile strength curve, which approaches closely to that 
for the hot-rolled specimen. 

The modulus of elasticity for the range of commercial aluminium 
bronzes is 17*5 to 19 0 X 10* lb. per sq. in. 
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The Izod impact strength in the alpha range bronzes is from 50 to 
65 ft. -lb. This range of strength values applies to both the annealed 
and work-hardened conditions. 

Strength at Elevated Temperatures 

The aluminium bronzes have good strength properties at temper- 
atures up to 450° to 550° C. The results of tests made by Rosenhain 
and Lantsbury* are summarized in Table 56, and these show that 
in the case of the 90*06 Cu, 9*9 Al bronze a tensile strength of 9*1 tons 
|)er sq. in. with 10 per cent elongation was obtained at 550° C. 

In regard to creep properties these are considered to be about the 
best of any of the well-known copper alloys, especially those used for 
castings ; they are not so good, however, as certain complex alloys, 
such as the 80 Cu, 5 Al, 5 Ni, 5 Fe alloy. 

TABLE 56 

Properties of Aluminium Bronzes at Elevated 
Temperatures 


Alloy Composition 


Temperature 


93-23 Cu, 6-73 Al 


90 06 Cu, 9-9 Al 


89- 1 Cu, 9-9 Al 
10 Mu 


rc.) 

Tensile 
Strength 
Tons per 
sq. in. 

Elonga- 
tion on 

2 in. 

Tciiisilo 
Strength 
Tons per 
►sq. in. 

Elonga- 
tion on 

2 in. 

Tensile 
StrcMigth 
Tons per 
sq. in. 

Elonga- 
tion on 

2 in. 

1 

15 

28-8 

71 

38- 1 

j 

29 

41-7 

30 

200 


— 

36-4 

36 

39-6 

36 

300 

20-7 

25 

33-4 

32 

,36-4 

47 

400 

17-9 

16 

24-0 

41 

22-7 

57 

450 

13-3 

10 

22-3 

31 

17-3 

51 

500 

10-9 

14 

12-1 

66 


— 

550 

! 

I 

- 

91 

1 

1 




The alpha bronzes, which are used almost entirely for fabricated 
forms, contain up to about 7*5 per cent of aluminium, sometimes with 
the addition of nickel up to 4 per cent, and these can be cold- worked 
to a considerable extent; their mechanical properties are improved 
to a marked degree by cold- working. In regard to the effect of cold- 
working upon the tensile strength and elongation of 5 per cent 
aluminium bronze strip the tensile strength is increased from about 

* Pror,. Inst. Mech. Engrs., 1910, 119. 
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25-5 to 54*5 tons per sq. in. for an 80 per cent reduction in thickness 
by cold rolling, whilst over the same range of cold- working the hardness 
is increased from about 70 to 205 Brinell. The accompanying loss of 
ductility is indicated by the drop in elongation from about 71 to 
4 per cent. 

The alpha aluminium bronzes are annealed at somewhat higher 
temperatures than for alpha brasses and tin bronzes. It is necessary 



Fig. 83. Effect of Cold Kolling on 
THE Grain Size of 91 Cu, 9 Al 
Bronze. Longititdinal Section, x 
100 


Fig. 84. Rear End as Extruded of 
91 Cu, 9 Al Bronze. Transverse 
Section, x 100 


to heat them to at least 650^^ C. for complete softening ; quenching in 
place of slow cooling appears to have no effect on the mechanical 
properties except in the case of alloys with more than 7*5 per cent 
aluminium, where there is an increase in hardness due to the retention 
of some of the beta phase. The grain size may be controlled by anneal- 
ing, whilst the effect of cold rolling or drawing results in the deform- 
ation of the annealed structure causing an elongation of the individual 
crystals in the direction of working. These results are illustrated in 
the photomicrographs reproduced* in Figs. 83 and 84, for the 91 Cu, 
9 Al alloy in the extruded longitudinal and extruded transverse sections 
respectively. 


* I.C.I. (Metals) test results. 
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The hot-working aluminium bronzes have aluminium contents of 
8*5 to 11 per cent and are all of the duplex type of structure. These 
bronzes usually contain, in addition, iron, nickel, manganese and lead, 
according to the purpose for which they are required. 

The compositions and tensile strength properties of some typical 
hot-working aluminium bronzes are given in Table No. 57.* 

TABLE 57 

Typical Aluminium Bronzes for Hot-worktnu Purposes 


Composition, per cent 


Copper 

1 

Alu- 

minium 

Iron 

Nickel 

Man- 

ganose 

I 

Lead 

Specifications and General 
Comments 

90-91 

9-9-8 

— 

1 

— 

-■ 

Conforms to D.T.D. 160. 
Usually possesses a tensile 
strength of 35 tons/sq. in. 

89 

9-7- 

90-5 

— ■ 

1*0- 

1-5 



Conforms to D.T.D. 135. 
Tensile strength excot'ds 
40 tons/sq. in. 

86 

9-10 

0-5- 

2-5 

i 

10- 

30 



Conforms to D.T.D. 164, 
Usually possesses a tensile 
strength exceeding 40 tons/ 
sq. in. (38 tons/sq. in. 
minimum). 

80 

8-12 

4-6 

4-6 



Conforms to D.T.D. 197. 
Tensile stn'-ngth usually ex- 
(loeds 50 tons/sq. in. (45 
tons/sq. in. minimum). 

88 

9 

2-3 


- 

— 

Alloys widely used for ex- 
truded and forged rods, 

88 

9-10 

1-5 

1 — 

0-5 

— 

bars, etc. Tensile strength 
is 32 tons/sq. in. upwards. 

85 

9-10 

2-4 

— 

2 

— ■ 

depending largely on alu- 
minium content and struc- 

90 

9- 5- 

10- 5 





tural conditio!i. Generally 
only those alloys with an 
average aluminium content 

88 

9- 5- 

10- 5 


2 



of 10 per cent are accorded 
heat-treatment operations. 

83 

10-11 

5 

1 

1 

— 


87 

9-10 

— 

1-5 

— 

1-5 

For free cutting purposes. 


* Copper Development Association. 
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The effect of cold- working in the case of the 10 per cent aluminium 
alloy is illustrated by the results of tests made on cold-drawn rod having 
an initial tensile strength of 36 tons per sq. in., with 30 per cent 
reduction of area, 19 per cent elongation, and a Brinell hardness of 
about 130. When reduced by cold drawing by 20 per cent in area the 
(jorresppnding values were 49 tons per sq. in. ; 10 per cent ; 5 5 per 
cent and 186 respectively. 

The constitution and structure of the alloys having more than 
7*5 per cent of aluminium are capable of modification by heat-treatment 
— ^as shown by the equilibrium diagram given in Fig. 81. Quenching 
from a high temperature results in the retention of an excess amount 
of the beta, phase which may then be transformed by heat -treatment 
at lower temperatures into the alpha and delta, constituents. The 
equilibrium diagram mentioned also shows that the delta, phase is 
stable below 570° C. only in the case of alloys having more than about 
10 per cent of aluminium, so that alloys with 7*5 to 10 per cent of 
aluminium tend to become more homogeneous on prolonged heating. 
The subject of microstructure as affected by heat>treatment is a some- 
what complex one, and space considerations will not here permit a 
more detailed account. For fuller information the reader is therefore 
referred to the lower footnote reference on page 171. 

The general effect of heat-treatment upon the mechanical properties 
of the 90 Cu, 10 A1 type of aluminium bronze is shown by the results 
given in Table 58.* These refer to specimens of 89*78 per cent copper 
and 9*96 per cent aluminium previously heated to 900° C. and slowly 
cooled to the quenching temperature. 

Applications of Aluminium Bronzes 

The aluminium bronzes, on account of their good strength pro- 
perties at ordinary and elevated temperatures, combined with excellent 
cjorrosion resistance, have a wide potential range of commercial 
applications, although hitherto these bronzes have not been employed 
in this country to the same extent as in the United States and in France. 
With a more complete understanding of their excellent jiroperties and 
of the methods of casting and fabrication, however, their advantages 
are becoming better known and in recent times, thanks to the publicity 
given to these bronzes by the Copper Development Association in this 
country, they are now finding numerous applications. 

Among the uses of aluminium bronze in general engineering, mention 
may be made of their employment for hard-wearing gears, thrust pads, 
die-cast ball and roller bearing caps, for under-water high strength 
♦ W. E. Atkins, W. Cartwright and T. Bolton & Sons, TAcl. 
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fittings (including use in sea-water), piston rods, pump rods, valves 
and valve spindles, inlet and exhaust valve seating insert rings for 
automobile and aircraft engines, worm wheels, turbine blading, shafts 
for high-speed mechanisms, sluice valves, rods and nuts, anchors for 
non-magnetic ships, die-cast brush holders for electrical machines, 
overhead wire suspension fittings for electric railways, high tensile 
acid-resisting bolts, nuts and sheathing for pickling equipment plant 
for resisting chemical attack by alkaline solutions and certain acids, 
products of chemical distillation, sea-water, etc. 

TABLE 68 

Effect of Heat-treatment on Mechanical Properties of 
Aluminium Bronze 


Heat-treatment 

Limit of 
Propor- 
tionality 
Tons 
per sq. 
in. 

Proof 
Stress 
(0*1 per 
cent) 
Tons 
per s(^. 
in. 

Ttmsile 
Strength 
Tons 
per sq. 
in. 

Elonga- 
tion per 
cent on 

2 in. 

Brinell 

Hard- 

ness 

Heated at 900° C. and quenched 
Heated at 900° C., slowly cooled 

6*4 

20-8 

1 43-4 

4 

2or 

to 850° C. and quenched 
Heated at 900° C., slowly cooled 

5-6 

20-8 

89.2 

3-5 

240 

to 800° C, and quenched 
Heated at 900° C., slowly cooled 

5-2 

19-2 

38*3 

2 

216 

to 750° C. and quenched 
Heated at 900° C., slowly cooled 

6-4 

13*5 

310 

6 

179 

to 700° C. and quenched 
Heated at 900° C., slowly cooled 

4*8 

11-4 

33-8 

11 

165 

to 650° C. and quenched 
Heated at 900° C., slowly cooled 

5*6 

9-6 

27*5 

17 

138 

to 600° C. and quenched 
Heated at 900° C., slowly cooled 

,3-0 

7-4 

27-4 

19 

123 

to 550° C. and quenched 
Heated at 900° C., slowly cooled 

2-8 

6-6 

26-3 

29 

115 

to 500° C. and quenched 
Heated at 900° C., slowly cooled 

2*8 

8*8 

19-2 

5 

136 

to 450° C. and quenched 

1-4 

8-3 

181 

4 

142 


In regard to their electrical applications, they are employed chiefly 
on account of their high strengths and corrosion resistance, but owing 
to the fact that their conductivity is not high are not employed for 
conductors. Brush holders, high tensile messenger wires and cables, 
cable fittings, bolts and nuts are among the parts used for electrical 
purposes. 

A disadvantage of aluminmm bronze is that it usually develops 
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surface films of high electrical resistance when used for current carrying 
purposes ; these films tend to give rise to high electrical resistance and 
render jointing a matter of difficulty. 

Mention may also be made of a series of aluminium bronzes for 
various purposes produced by the Manganese Bronze and Brass Co. 
Ltd., under the name of Crotorite bronzes. Apart from the general 
uses of aluminium bronzes previously mentioned, one grade, known 
as Crotorite F, is used for marine propeller shafts and stern tubes. 
In the hard-rolled or drawn condition this bronze has a tensile strength 
of 36 to 38 tons per sq. in. with 28 to 33 per cent elongation, 28 per 
cent reduction of area and a Brinell hardness of 140. It has good 
strength properties at elevated temperatures, as shown by the results 
given for tests on rolled bars in Table 59. 


TABLE 59 

Strength of Crotorite V Bronze at Elevated Temperatures 


Teinporaturo 

Centigrade 

0-003 in. Proof 
Stress 

Tons rer sq. in. 

MaKiinuin 

Sire.ss 

Tons per scp in. 

Elongation 
% on 2 in. 

Brinell 

Hardness 

OQO 

- 17-0 

39-0 

40 

120 

327° 

18-5 

33-0 

30 

109 

370° 

14-5 

250 

60 

106 

460° 

8-0 

1 20 

70 



Aluminium bronzes possess a ple/iHng colour which, with their 
resistance to tarnishing under mildly corrosive influences, has led to 
their applications for coins, medallions, plaques, statues, ornamental 
grilles, fireplace surrounds, fittings and hearth furniture, both wrought 
and cast ; also for the metal parts of imitation jewellery and vanity 
sets. 

The aluminium bronzes have also been used for heavy-duty bearings 
and for worm nuts, on account of their strength and wear-resistance 
(|ualities. Tyj)i(?al hard wearing applications also include rolling mill 
universal joint segments or spindle bearings, screw-down nuts of 
rolling mills — which may weigh up to several hundred pounds each — 
gear wheels and pinions of various sizes, ranging from small gravity 
gears to centrifugally cast wheels for heavy reduction gears. 

Nickel Bronzes 

The nickel bronzes may be conveniently grou])ed into two classes 
namely, the Low Nickel and High Nickel Bronzes, 
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The low nickel bronzes include (1) the copper-tin bronzes with 
additions of nickel up to about 1 per cent; (2) the copper-tin-zinc 
bronzes with nickel up to 8 per cent and manganese to ()‘25 per cent ; 
(3) the nickel-aluminium bronzes ; (4) the nickel-phosphor bronzes ; 
(5) the lead-bearing bronzes with nickel up to about 2*5 per cent, 
and (6) the nickel -manganese bronzes with 2 to 3 per cent nickel and 
up to 2 per cent of manganese. 

The addition of nickel to bronze tends to decolorize it in a similar 
manner to brass ; to improve its corrosion resistance ; to give higher 
tensile strength and hardness, and in general to refine the grain. In 
the case of lead -bearing bronzes, nickel — as stated previously — 
promotes better distribution of the lead particles, preventing segrega- 
tion, or “lead-sweat” ; in this connection 1 to 1*5 per cent of nickel 
is usually employed. 

In general it has been found that the fluidity and casting qui lities 
of many of the bronzes are improved by low nickel additions. In 
bronzes free from lead and in the presence of C 25 manganese, higher 
nickel additions (up to about 8 per cent) make the bronzes susceptible 
to heat-treatment and impart physical properties of a high order. In 
this connection a nickel addition of over 4 per cent is generally required. 
The compositions of a number of typical low nickel bronzes suitable 
for high-duty service are given in Table 60,* whilst the corresponding 
mechanical properties and applications of these bronzes are shown in 
Table 61. 


TABLE 60 


Compositions of Typical Low Nickel Bronzes 


Composition 


Ref. 

Copp(3r 
per cent 

Tin 

per cent 

Nickel 
per cent 

Lead 
per cent , 

i 

Zinc 

per cent 

Phos- 
phorus 
per cent 

Man- 
ganese 
per cent 

A 

88*25 

10*5 

1*0 



0*25 



81-7 

12-0 

1*0 

5*0 

— 

0*30 

— 

C 

80*7 

10*0 

1*0 

8*0 

— 

0-.30 

— 

D 

76*7 

10*0 

1*0 

12*0 


0*30 

— 

E 

88*0 

6*0 

5*0 

— 

2*0 

— 

— 

F 

88*0 

6*0 

6*0 

— 

1*75 

— 

0*25 

G 

83-0 

7-0 

8*0 

— 

2*0 

— 

0*25 

H 

83-0 

7-0 

8*0 

“ — 

2*0 

— 

0*25 


* “Properties of Nickel and Nickel-containing Materials” (Mond Nickel 
Co. Ltd.). 
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TABLE 61 

Mechanical Properties and Applications of Low Nickel 

Bronzes 



Mechanical Properties of Compo- 
sitions (Table 60) 


Com- 

position 

Ref. 

Yield 
Point 
Tons per 
sq. in. 

Maxi- 
mum 
Stress 
Tons per 
sq. in. 

Elonga- 

tion 

per cent 

Brinell 

Hard- 

ness 

T 5 rpical Applications 

A 

8-14 

14-22 

8-30 

70-85 

Sand -cast phosphor bronze 
castings for general purposes. 

B 

10-14 

13-18 

4-10 

70-80 

Heavy-duty bearing bronze 
(i.e. for rolling mills). 

C 

10-12 

14-17 

6-12 

66-76 

General purpose bearing bronze 
for semi-hard shafts. 

D 

9-12 

14-17 

8-13 

65-75 

Bearing bronze for unhardened 
shafts. 

E 

10 

21 

34 

75 

Sand-cast gunmetal castings. 
Valve bodies and fittings, etc. 

F 

23 

! 

i 

i 

33 

1 

1 

I 

1 

1 

17, 

1 

1 

136 

i 

1 

j 

i 

i 

Sand-cast nickel bronze heated 
1400° F. for 10 hours, water 
quenched. Reheated 500° F. 
for 5 hours, water quenched. 
High-duty gunmetal cast- 
ings. 

G 

' 14 

1 22 

i 14 

! 100 

Sand-cast gunmetal castings. 

H 

26 



1 35 

! 

1 

1 

1 

1 1 

i 

1 

1 

1 227 

1 

1 

i 

1 

i Sand-cast nickel bronze, heated 

1 1400° F. for 2 hours, water 

1 quenched. Reheated 700° F. 
i for 2 hours, water quenched. 
Gunmetal castings for resist- 
ing wear. 


The high nickel bronzes comprise the copper-tin alloys with 10 to 
70 per cent of nickel with the occasional addition of small amounts of 
other elements, such as iron, manganese, magnesium, and silicon. 
These alloys have the structures typical of bearing metals but 
superior corrosion-resisting properties. Such alloys are particularly 
suited to hydraulic components, such as the bearing faces of sluice 
valves and similar parts used in contact with sea-water and other 
waters containing corrosive elements. The nickel bronzes of this class 
are considerably better in regard to corrosion resistance than gunmetal, 
or the phosphor, manganese and aluminium bronzes with no nickel 
content. . A typical high nickel bronze used for valve facings has the 
following percentage compositions: Cu, 60; Ni, 30; Sn, 8; Fe, 2. 
The sand-cast metal has a tensile strength of 30 tons per sq. in. and 




COPPER AND ITS ALLOYS 


181 


Brinell hardness of 240 ; the elongation, however, is so small as to be 
practically negligible. A group of high nickel bronzes has the following 
percentage composition limits: Ni, 15 to 60; Sn, 6 to 12; Zn, 1 to 2; 
Mn, 0*25; Mg, 0*1; Cu (the remainder). 

These bronzes have (sand-cast) tensile strengths of 25 to 32 tons 
per sq. in., and yield points of 15 to 30 tons per sq. in. ; the higher 
values correspond with the higher nickel 
content. The percentage elongations for 
alloys with nickel up to 30 per cent are 
from 10 to 3 per cent, whilst for higher 
nickel contents they range from 3 to J per 
cent. The Brinell hardnesses for alloys with 
nickel up to 30 per cent are 120 to* 140 and 
for nickel from 30 to 60 per cent, from 140 
to 180. 

These bronzes retain their strength pro- 
perties to a notable degree at elevated 
temperatures. As cast, the hardness can 
be increased to 400 Brinell by suitable 
additions of silicon. 

Nickel-aluminium Bronze 

The addition of nickel to aluminium 
bronze not only tends to improve its 
mechanical properties, but owing to the 
fact that there is no appreciable galvanic 
action between this bronze and mild steel, 
it does not cause corrosion in the presence 
of sea or fresh water. For this reason such 
bronzes are applicable to marine purposes 
for bearings, sea-cock castings, sluice -valves, etc., attached to steel 
hulls of ships. It is also particularly well suited for stern tube 
bearings and fittings. 

A typical nickeUaluminium bronze has the following percentage 
composition: Ni, 3 to 5; Al, 9 to 10; Fe, up to 5; Mn, up to 10; 
Cu (the remainder). Sand castings of this alloy have a yield point of 
17 to 22 tons per sq. in. and tensile strength of 35 to 44 tons per sq. in. 
with 30 to 15 per cent elongation and a Brinell hardness of 120 to 150. 

When heat-treated by quenching from 850° C. and reheating at 
600° to 650° C. the alloy has a yield point of 25 to 30 tons per sq. in. 
and tensile strength of 44 to 50 tons pet sq. in., with 15 down to 5 per 
cent elongation and a Brinell hardness of 150 to 200. 



Fig. 85. Nickel-bronze 
Cylinder Liner for High- 
pressure Feed Water 
Heater 
(./. SUme, hid ) 
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Nickel Bronzes for Steam and High Pressure Purposes 

Nickel is used in certain types of bronze employed for parts which 
are to be subjected to the erosive and corrosive action of steam. The 
value of the nickel in such instances is due to its effect in refining the 
structure of the alloy. Nickel also assists the bronze to retain its 



Fio. 86. Examples of Bronze Stampings and Pressings 
{Delia Metal Co,) 


mechanical properties at higher operating temperatures to a greater 
extent than ordinary bronze. A further useful effect is that the 
addition of nickel increases the temperature range within which the 
alloy can be poured successfully. In general the amount of nickel 
added to steam bronzes varies from 1 to 10 per cent. Table 62 shows 
the chemical compositions of typical i^team bronzes. 

Nickel bronzes suitable for withstanding very high hydraulic or 
steam pressures have an exceedingly fine structure due largely to the 
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TABLE 62 

Compositions of 8team Bronzes with Nickel Content 


Alloy used for 

Ni 

(Ui 

Zn 

’ 

Sn 

Pb 

Other Elements 

Large valve seats 
and for super- 
heated steam . 

10 

80 


10 



H igh -pressure 
valves 

3 

85 

2 

10 



Valves and seats . 
in steam tur- 
bines 

5-5 

83 

2 

9 


Phosphor copper 

General steam 
bronze 

1-5 -2-5 

82 -85 

4 6 

1 

4--0 

1 

3-5 

0-5 

Oeoxidized with 




1 

i i 


1 pliosphor cop- 

per 


presence of the nickel; the latter does not exceed 1*5 per cent as no 
increase in density occurs beyond this limit. 

The percentage compositions of two typical hydraulic bronzes are 
as follows — 

TABLE 63 

Compositions of Hydracjlic Bronzes 


Element 

("ii 

1 

Ni 

1 

1 

1 

Sii 

Zii 

! 

Pb 

Bronze A 

84-5 

0-75 -10 

2-5 

7 

5 

Bronze B 

87-89 

i 

10 

0-5- 7 0 

i 

1-5-3 j 

1-5 


Bronze B is used for large hydraulicj castings, a typical example 
being that of a casting weighing 1^ tons to withstand water pressures 
of 2000 to 30001b. per sq, in. This alloy has a tensile strength of 
19 tons per sq. in. with a percentage elongation of 21 to 28. 

Nickel Bronzes at Elevated Temperatures 

Reference has been made previously to the relatively high mechan- 
ical properties of nickel bronzes* at elevated temperatures. In this 
connection some comparative results for high and low nickel bronzes 
and a plain nickel-free bronze or gunmetal are given in Fig. 87.* 
The results show the low nickel bronze has 37 per cent greater strength 
* “Nickel Bronze in Marine Engineering” (Mond Nickel Co. Publication). 
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and four times the ductility of the gunmetal at 427° C. The high 
nickel bronze has almost twice the tensile strength of gunmetal at 
room temperature and over three times at 427° C. The percentage 
elongation, however, is slightly lower than for gunmetal at the latter 
temperature. 

The coefficients of linear expansion for the gunmetal, low and high 
nickel bronzes are 0 000018, 0*000018, and 0*000017 respectively. 



Fig. 87. Nickel Effect in Promoting Strength and Toughness 
TO Bronze, at Elevated Temperatures 
A — room teinperutiin*. H — 205^* C. V — (X 1 ) — 427 ' (\ 


Silicon Bronze 

Copper-silicon alloys, known as silicon bronzes, are now employed 
commercially on account of their good mechanical properties and the 
readiness with which they can he welded. 

A typical percentage composition is as follows: Cu, 94; Si, 4; 
Zn, 2. The cast metal has an elastic limit of 5 tons per sq. in., and 
tensile strength of 16 to 22 tons per sq. in., with 25 to 10 per cent 
elongation and Brinell hardness of 100 to 120. The melting point is 
about 950° C. 

A typical commercial silicon bronze* recommended for parts 
subject to shock loads and abrasion and for the manufacture of high- 
speed shafts, bearing strips and pump barrels has a tensile strength in 
the extruded condition of 40 to 42 tons per sq. in. with 25 to 20 per cent 
elongation and a Brinell hardness of 170. 

Beryllium Bronze 

This alloy contains about 2*25 per cent beryllium and the rest 
copper. It is similar to a high strength phosphor bronze and is frequently 
* “Silicon Bronze S.A.3,” Manganese Bronze and Brass Co. Ltd. 
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used in the strip or wire form for springs and in sheet form for instru- 
ment diaphragms. It is also applicable in the cast or wrought state 
to bearings that are used under high-pressure loadings. 

The copper-beryllium alloys containing more than about 1 per cent 
of beryllium can be hardened by quenching and reheating. Thus, the 
2*25 per cent alloy is heated to 800° C. and quenched and then hardened 



Fig. 88. Test Specimens of Malleable Bronze, showincj Results of 
Hot-working Tests 

{Delta Metal (V),) 

by a subsequent precipitation treatment for a controlled period at 
250° to 300° C. 

The properties of a number of beryllium bronzes in the quenched, 
heat-treated and work-hardened conditions are given in Table' 64.* 

It will be noted that by suitable treatment tensile strengths up to 
85 tons per sq. in. have been obtained, but with low percentage 
elongations. The high values of the yield point, namely, up to 71*2 
tons per sq. in., are also characteristic of these alloys. These excep- 
tional strength properties, combined with excellent cold and hot 
corrosion resistance, render the beryllium bronzes particularly suitable 
for spring purposes ; such alloys are much superior to phosphor bronze. 
As an example of their application mention may be made of a 1-5 
per cent beryllium alloyf subjected to heat-treatment and cold-working 
in wire form which gave a tensile strength of 85 tons per sq. in. The 

* “Beryllium and Beryllium Alloys,** W. Hessenbruch. Metallwirtachaft^ 
20th May, 1938. 

f “Beryllium in Automobile Production,*’ AtU-onwHve InduatrieSf 18tli 
February, 1939. 
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TABLE 64 

Peoperties or Copper-bbbylliom Alloys 




Yield 

Tensile 

Elonga- 



Alloy 

(.Vuidition 

Point 

strength 
Tons per 

tion 

Brinell 

Specific 

Tons per 

Per cent 

nardnes.s 

Gra.vity 



sq. in. 

sq. in. 

1 = lOrf 


. 

Be-Cu (a) 

Quenched 

9-5 

19-22*2 

50-55 

65-70 


1*0% Be 

Quenched and heat-treated 
(Juonched and work-hard- 

2.5-4 

28*6-31-7 

30-35 

125-130 

8-6 


ened .... 
Quenched , work-hardene<l 

45-7 

47-6 

0 

200 



and heat-treated . 

41-3 

54-0 

12 

230-240 


Be-Cu (a) 

Quenched 

17-8 

31-7-33-0 

60-62 

100-120 


2-0% Be 

Quenched and heat-treated 
Quenched and work-hard- 

63-5 

69-8-76-2 

3-4 

330-360 

8-3 


ened .... 

.51-4 

54-0 

6 

220 


* 

Quenched, work -hardened 







and heat-treated . 

66 6 

79-4 

5 

365 


Be-Cii(a + /8) 

Quenched 

21-0 

36-2-39-4 

30-35 

110-130 


2-4% Bo 

Quenched and htiat-treated 
Quenched and work-hard- 

66-6 

76-2-82-5 

3-5 

340-370 

8-2 


ened .... 
Quenched, Wf irk -hardened 

57-8 

60-3 

3 

230 



and heat-treated . 

71 2 

85-7 

4 

375 



fModulus of rigidity is 2860 tons por sq. in.] 


2-5 per cent alloy gave similar high strength and elastic limit, with a 
relatively low modulus of rigidity, and could be loaded statically to 
45 tons per sq. in. without showing j)ermanent set. 

The resistance to fatlguey shock and wear of beryllium bronzes is 
very high. Laboratory tests have shown that the fatigue limits of the 
heat-treated and cold-worked alloy are of the order i 15-5 to ± 18-0 
tons per sq. in., values which are about 60 per cent higher than for 
hard-drawn phosphor bronze as used for springs. 

Beryllium bronzes are also used for electrical contact clips and 
brushes, spring washers, precision bearings and bushings, small gears 
and welding electrodes. A typical use for beryllium bronze springs is 
that for contact spring purposes in the Burgess Micro switch where the 
spring has withstood 10 million flexures without loss of tension and 
without permaTicnt set. 

The 2 to 2*5 per cent alloys, with small additions of iron and nickel, 
are used for electric switch points by the Chrysler Corporation. Another 
application is for slow-break switches to control the heater elements 
of electric cooking ovens, where this alloy has been found to give 
superior results to any other alloy previously known. Owing to the 
high copper content these alloys have very good electrical conductiv- 
ities, namely, from 30 to 40 per cent of high conductivity copper, and 
they are being employed to an ever-increasing extent, notably in the 
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United States, for electrical com'ponenls such as switch blades, fuse 
clips, plug clips, contact vibrator arms, plate, strip and wire parts, 
etc. Their excellent fatigue and wear resistance are further advantages 
in such applications. Beryllium bronzes as bearing metals are referred 
to in Chapter VII. In addition to its use for springs beryllium bronze 



Fig. 89. Temper atuhej Ranges for Fabrication and Heat-treatment 
OF Beryeeium Bronzes 

is also employed on account of its non-sparking property for tools 
used in explosive and chemical factories. 

Toothed gears of beryllium bronze, on accomit of their high resist- 
ance to wear, are made from the forged and heat-treated alloys. 

In regard to the ccrrrosion of these bronzes tests have shown that 
their resistance to sea-w^ater is good and they suffer little attack by 
dilute hydrochloric and acetic acids, but are affected appreciably by 
nitric and sulphuric acids, caustic soda and ammonia. It has also 
been shown* that there is no diminution in the endurance of beryllium 
bronze in salt spray and that in corrosion fatigue resistance beryllium 
bronze is superior to most stainless steels. The resistance to oxidation 
is also very satisfactory, small percentages of beryllium reducing 
considerably the rate of oxidation of copper ; the best results appear 
* H. J. Gough and D. G. Sopwith, Journ. Inst, of Metals, 1937. 

7 — (T. 5303 ) n 
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to be obtained with the 2 per cent beryllium alloy which gives about 
the same rate of oxidation at 810^ C. as stainless steel. 

Heat-treatment of Beryllium Bronzes 

It has been shown that the mechanical properties are influencjed 
largely by the heat-treatment to which the alloy is subjected and by 



Fig. 90. Strengths of Precipitation-hardened Beryllium Bronzes 
AT Elevated Temperatures 


cold- working. In the former connection the range of temperatures 
concerned in the fabrication and heat-treatment of beryllium bronzes 
is shown in Fig. 89.* 

The strengths of precipitation-hardened alloys of Anaconda copper- 
beryllium made for commercial purposes by the American Brass Co. 
are shown in Fig. 90, from which it will be noted that the higher 
temperature, namely, 325'’ C., gives the highest {ensile strength values. 


* Ante, page 185, note (lower reference). 








CHAPTER VI 

NICKEL AND ITS ALLOYS 

Nickel is one of the most important metals used in engineering, since 
it enters into the composition of a wide range of modern alloys and 
has a marked influence upon their pliysical and mechanical properties. 
Nickel occurs in nature in combination with other metals and elements, 
(jhiefly in association with arsenic and/or sulphur as Nickel Glance 
(Ni 2 (AsS) 2 ), Kupfer^nickel (Ni 2 As 2 ), White Nickel (NiAsg), Nickel Blende 
(NiS) and in association with cobalt in Spiess, The main nickel ores 
are the sulphides, chalcopyrite, etc. 

Nickel is extracted from its ores by several different processes, both 
chemical and electrolytic, of which the Mond method is employed 
largely on a commercial scale. It consists in passing carbon monoxide 
over reduced nickel oxide — obtained from its ores by a preliminary 
roasting process in which the sulphur is burnt off. The nickel is then 
taken up by the carbon monoxide to form nickel carbonyl (NifCO)^), 
a volatile compound which is led through heated tubes. This decom- 
poses the compound into carbon monoxide and metallic nickel. More 
nickel is, however, produced by the electrolytic than by the Mond 
process. 

Properties of Nickel 

Nickel is a lustrous white metal, slightly darker than silver and 
capable of a high polish ; for this reason it is widely used as a coating 
for other metals, such as steel, copper, brass, etc., for both decorative 
and corrosion protection purposes. 

It is both ductile and malleable. It is magnetic at normal temper- 
atures, but loses its magnetic properties when heated above 340° C. 

Nickel under moist air conditions tarnishes slowly and becomes 
covered with a film of oxide. 

The commercial or malleable nickel contains small proportions of 
manganese and magnesium ; carbon, arsenic and sulphur are harmful 
to the ductility and malleability of nickel and are either eliminated 
or kept down to extremely low percentages. The magnesium content, 
if properly regulated, frees the molten metal from occluded gases and 
improves the malleability and ductility so that the metal can be 
rolled into thin sheets and drawn into wire down to 0*0005 in. 
diameter. 
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Physical Properties 

Nickel has a specific gravity of 8*85. The atomic weight is 58*68. 
The melting point is 1452° C. (2646° F.). 

The specific heat from 20° C. to 400° C. is 0*130 and from 0° C. 
to 100° C. is 0*1147 C.G.S. units. 

The coefficient of linear expansion from 25° C. to 100° C. is 0*000013 
and from 25° C. to 300° C., 0*0000145. 

The thermal conductivity from 20° to 100° C. is 0*1428 C.G.S. units. 

The electrical resistivity at 0° C. is 10*9 microhms per cm. cube. 

The coefficient of electrical resistivity is 0*0041 per degree C. (or 
0*0024 per degree F.). 

The magnetic transformation point occurs at 340° C. (644° F.). 

The optical reflectivity of polished nickel is 65*5 per cent for 
incident light of 0*589 fi wavelength. 

Nickel has a higher electrical resistance than most other common 
metals. Thus, if the resistance of a silver wire of given length and 
sectional area be represented by 1*0, the respective resistances for 
copper, aluminium, iron, platinum and nickel are given by the values 
1*047, 1*75, 7*12, 7*45 and 8*0. 

Malleable nickel successfully resists attack by alkalis and is 
widely used in industrial processes for alkali solution containers, 
autoclaves and tank linings, more particularly for caustic soda. Nickel 
offers a good resistance to attack by hydrochloric, hydrofluoric and 
many organic acids. It is used for foodstuff containers where the 
presence of copper would cause contamination. 

The annealing temperature lies between 750° C. and 850° C, 

The forging temperature is 1100° C. to 1250° C. 

Mechanical Properties 

Malleable nickel has the properties given in Tables 65, 66, and 67.* 

Machining and Working Malleable Nickel 

This metal can readily be machined with high-speed tool steels, 
using only slight variations in the tool cutting angles, speeds and feeds 
used for mild steels. The cutting angles should, however, be rather 
sharper and the cutting speeds can profitably be made higher with 
suitably designed and sharp-edged tools.. 

For drilling purposes standard twist drills as used for mild steel 
are quite satisfactory. 

The milling cutters employed are of high-speed tool steel with 
♦ H. Wiggin & Cd., Ltd. 
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TABLE 65 

Strength Properties of Malleable Nickel 


Condition 

Proportional 

Limit 

Yield 

Point 

Tensile 

Strength 

Tons per square inch 

Rol)od and annealed 

7-5 -1 0-3 

9-13 

29-33 

Cold or hard rolled 

Up to 33 

Up to 45 

Up to 63 

Cast ...... 

— 

9-13 

27-31 


Klongation 

Keduetion 

Kiulurance 

C\)nditi()n 

on 2 in. 

in Area 

Limit 
'I"ons per 


per eent 

per cent 

sq. in. 

Uolled and annealed 

43-53 

6r> 75 

11-14 

("old or hard rolled 

— 

1 

17 19 

(.^ast ...... 

15-35 

30-50 1 

1 

— 


TABLE 66 

Hardness of Malleable Nickel 


Condition 

Brinell No. 
(3000 kg. 
Load) 

10 mm. liall 

Scleroscope 

Rockwell B. 

Kolhui and annealed 

75-95 

12-14 

1 50-60 

("old dr hard rolled 

Up to 150 

Up to 40 

Up to 100 

Cast ...... 

. 

80-125 

— 

50-60 


TABLE 67 

Malleable Nickel Data 


Modulus of elasticity in tension 

29,000,000-31,000,000 


(lb. per sq. in.) 

Modulus of elasticity in torsion 

9,500,000-10,500,000 


(lb. per sq. in.) 

Pattern-makers shrinkage 

^ in. per foot 

Forging and rolling temperature range , 

850°-1240° C. 


1600°-2300° F. 

Aimealing temperature range . . I 

600°- 900° C. 


1100°-! 650° F. 
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normal spacing and tooth design. For plain milling cutters the teeth 
should be ground at a slight taj)er or side clearance with the widest 
part at the cutting edge in order to prevent binding or tearing of the 
metal ; the teeth should have an undercut or rake. 

In regard to the tapping of nickel there is a tendency for the tougli 
chips to jamb in the flutes of the tap so that it is advisable to use ta])s 



Fig. 91. Laboratory Utensh^s in Xtckel 


having two or three lands and shallow flutes, with a lij) ground at tlie 
back of the cutting edges, for chip clearance ; a cutting S|x?ed of 15 to 
20 ft. per min. is recommended.* 

Nickel sheet, although tougher than brass or aluminium, can be 
spim in the lathe to simple shapes but not to difficult ones. The chief 
drawback experienced in spinning the metal is the work-hardening 
effect which toughens the metal appreciably. 

Nickel can be forged without difficulty by hand or die methods in 
a somewhat similar manner to steel if the correct forging temperature, 
mentioned previously, is employed. ’ 

Nickel can be soft-aoldered, silver-soldered and brazed as readily as 
copper, using the same solders and fluxes. 

♦ H. Wiggin & Co., Ltd. 
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Nickel can also be welded by the oxy-acetylene and electric welding 
methods. For oxy-acetylene welding the flame must be of the reducing 
type, i.e. with excess of acetylene. Powdered boric acid should be 
used as a flux. For metallic arc welding the nickel should be the 
negative electrode and a suitable deoxidizer and flux coating used on 
the electrode. The slag should float readily on the top of the metal 
and protect it against oxidation. 

Nickel can be rolled on to steel to form nickel-clad plate or strip. ♦ 



Kk;. 92 . PHOTOMICHOOKAPn SHOWING A TYPICAL XlCKEL TO StEEL BoND 

:< 200 

The nickel layer is firmly adherent (Fig. 92) and the compound sheet 
can be fabricated in a similar manner to ordinary steel plate. It is 
used in the construction of industrial chemical tanks, kettles, containers, 
etc. 

Nickel Alloys 

Nickel alloys include a wide range of great importance in engin- 
eering and industry on account of their high mechanical strength 
projierties, corrosion resistance, electrical qualities, decorative applica- 
tions, etc. 

The. ferrous alloys, wdiich are dealt with more fully in Volume I of 
this w^ork, include the high tensile nickel and nickel-chrome steels, 
heat-resisting steels, improved and high-duty cast irons, heat-resisting 
cast irons, tool steels, etc. 

* Nickel-clad plate and nickel-coated strip are dealt with in Vol. I of this work. 
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In addition there is a group of ferro-nickel alloys which includes the 
low thermal expansion alloys, e.g. Invar and Elinvar ; the high nickel 
series of high magnetic permeability at low magnetic field intensities, 
e.g. Permalloy and M^imetal, and the non-magnetic cast irons, such as 
Nomag, 

Another group of nickel alloys includes the high-strength nickel 
brasses and bronzes. 

In the electrical field, apart from the ferrous alloys mentioned 
previously, there are the magnet steels containing nickel, such as 



P'ro. 93 . Nickel Silver Mixing Tap Unit (20% Nickel-silver) 

Alnico and Alni, which represent about the best of present magnet 
steels. There is also an important range of nickel-chromium high 
resistance alloys such as Dullray, Gl<nvray, Brighiray, etc. 

Nickel is also a constituent in certain high-strength aluminium 
alloys, including Y -alloy and R,R, alloys. 

In the nickel-copper range of alloys there are several important 
ones including those used for corrosion-resisting condenser tubes; 
resistance alloys such as Constantan, Ferry and Eureka ; Mone\ metal, 
alloys used for bullet enveloi)es, etc. 

For decorative purposes certain nickel content alloys, such as 
Nickel Silver and Silveroid, have numerous industrial applications. 
Nickel is also a useful item in the composition of certain lead-bronzes 
employed for high-duty bearings in aircraft and automobile engines. 

In association with chromium and iron nickel forms an important 
alloy, known as Inconel, having excellent mechanical strength, corro- 
sion-resistance and heat-resistance properties. 
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An alloy of nickel and chromium with a high nickel content, known 
as Brightrdy, is used for facing the exhaust valves of high-performance 
engines, e.g. aircraft engines. 

There are many other alloys containing nickel which it is not 
possible to refer to in this brief survey, but some of these are mentioned 
later in this volume in the appropriate sections. 

Nickel-beryllium Alloys 

Nickel alloys containing up to 2 per cent beryllium are employed 
in the U.S.A. as spring material and bushings. When suitably heat- 
treated from rolled material the alloys have a tensile strength of about 
115 tons per sq. in., and possess a high fatigue resistance. They have 
been used in Germany for aircraft engine valve springs. 

In connection with these alloys it has been found* that the addition 
of a third element, such as titanium, iron, manganese, or molybdenum, 
leads to equivalent hardening proj^erties at a beryllium content 
considerably below that of the binary alloys. 

A typical binary alloy of nickel with 2 per cent beryllium has the 
strength properties showm in Table 68, f whilst a small addition of 
titanium gives the strength values shown in the same Table. 

TABLE 68 

Mechanical Properties of Nickel-beryllium Alloys 


Alloy 

Condition 

Y'ield 
Point 
Tons per 
sq. in. 

[ Tensile 
Strengtli 
Ton.s per 
sq. in. j 

Elonga- I 
tion 

per cent 
on 10 cm. 

1 

Brinell 

Marti- 

ne.ss 

HeNi 

Quenched .... 

22-8 

50*8 

48 

140 

2% Bo 

Quenched anti heat-treated . 

50-8 

82-5 

20 

420 

Quenched and work-hardenetl 

95-3 

101-6 


360 

8.G. = 8*1 

Quenched, work-hardenetl and 
heat- tree tetl 

95-3 

117-5 

8 

480 

Be-Ti-Ni 

Quenched .... 

25-4 

54-0 

40 1 

150 


Quenched and heat-treated . 

50-8 

88*9 

1-5 

440 

S.G.--81 

Quenched and work-hartieneti 

98-5 

104-5 

1 1 

360 


Q\ienchod, work-hardened anti 
heat-treated 

98-5 

120-5 

5 

500 


♦ “ Beryllium and Its Alloys,’* H. A. Sloniaii, MeUil Industry, 23rd February, 
1934. 

t Ante, page 186, note (upper reference). 
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The exceptionally high tensile strengths and hardnesses of the 
heat-treated and work-hardened alloys rival those of some of the 
alloy steels; in addition the high degree of corrosion resistance and 
also resistance to oxidation up to 700° C. to 1000° C. render them 
suitable for high-strength purposes at normal and elevated temj)er- 
atures. 

A commercial alloy used in the United States has the following 
percentage composition: 0*6 to 1*0 Be; 7-0 Mo; 15 O; 60-0 Ni; 
iron (the remainder). The tensile strength of this alloy can be more 
than doubled by quenching from the solid solution condition to the 
softest state, then cold-working and reheating to a moderate temper- 
ature. In this way the tensile strength has been increased from 51*5 
tons per sq. in. in the soft state to 116 tons per sq. in. by heat -treat- 
ment, hard rolling and reheating ; the Brinell hardness increases from 
140 to 460 by these operations. 

The alloy mentioned, but without the addition of the beryllium, 
is known commercially as Contracid on account of its corrosion resist- 
ance properties. 

In the alloys with a nickel-chromium base, results of consitlerable 
practical importance have been obtained by the addition of beryllium 
to corrosion and heat-resisting alloys. This is true also of those which 
in addition contain molybdenum. Hardness values of a high order 
are obtainable and these properties are stable over a wide range of 
temperatures. The high temperature tensile proi)erties and creep 
strength are very satisfactory. Apj)lications of these alloys include 
high-teraperatiu*e springs, surgical instruments and engine valve 
springs. 

The Nickel-copper Alloys 

Nickel forms with copper in varying proportions a continuous 
series of solid solutions without any intermetallic compounds or double 
phase products. 

Fig. 94 shows the liquidus and solidus curves* for the series of 
alloys from which it will be seen that the melting ]:)oints rise uniformly 
from that of cf^pper, namely, 1083° C. (1982° F.), to that of nickel, 
namely, 1452° C. (2646° F.). In this connection the alloys of nickel 
and copper differ from those of copper and zinc (the brasses) and 
tin (the bronzes) in having higher melting points than that of 
copper itself. It follows from this that when casting nickel-copper 
alloys furnaces which only just serve for the brasses will be unsuitable, 
without modification. 


* Guertlor. 



NK^KKL AND ITS ALLOYS 


197 


Heat-treatment and Fabrication 

The nickel -copper alloys can now readily be produced in fabricated 
forms, but the presence of carbon and sulphur causes embrittlement ; 
in this connection the addition of manganese up to 1*0 per cent is 
advocated. The annealed metal is employed for sheet metal and similar 
fabricated forms, annealing Ixting effected at oSO'" C. to \ the 
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Kic. 94. Liqi rin'.s ani> Solid is (’riivKs fou Nickel-copper .Series 

lowest temperature at which the metal will soften should be used in 
each instance, since any carbon jiresent is liable to precipitate at high 
temperatures. 1\) avoid sealing the annealing should be done in 
closed pots or in an inert atmosphere : the cooling rate is more or 
less immaterial. 

Mechanical Properties 

The nickel-cop[HT alloys (containing nickel up to 50 per c^ent show 
a gradual increase in tensile strength, almost in proportion to the 
nickel content, together with an increase in the elastic modulus, as 
shown by the results given in Table 09.* 

* The Xiekel ^copper Alloffs, Hiircau of Information on Nickel. 
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TABLE 69 

Mechanical Properties of Nickel-copper Alloys 


Nickel, per cent 

'renailo Strength 
(Tons per sq. in.) | 

Modulus of Elasticity 
(Tons per sq. in.) 

0 

20*6 

7080 

10 

27*9 

7600 

20 

34-4 

8000 

30 

420 

8680 

39-7 

45-8 

9240 

45*6 

5l(i 

9470 


The addition of nickel to eop|)er, even in very small amounts, has 
a marked effect u{>on its mechanical pro[3erties. Thus the addition of 
2 per cent of nickel increases tlie tensile strength slightly and im])rov(‘s 
the ductility considerably. 

The following values are givtm by Hughes for the 2 per cent alloy : 
Tensile strength, 15*2 tons per sq. in. ; elongation on 8 in., 49 0 |)er 
cent, and reduction of area, 78*2 |)er cent. These values refer to the 
cold-rolled metal after annealing. The toughness or impact value of 
the alloy is also rapidly improved. Thus, the addition of 1*5 ])er cent 
of nickel to copj)er doubles the impact value. The nickel-copper alloys 
containing from 15 |jer cent nickel and upwards are notable for their 
combined ductility and toughness. For this reason such alloys are 
used for making bullet envelopes since they can be cold-worked to a 
very marked degree. 

The 20 per cent nickel alloys are among the most ductile non-ferrous 
alloys in commercial use. They may be cold-rolled from U in. down to 
0*01 in. without annealing, while the following figures (the mean of 
two tests) given by 80/20 copj)er-nickel wire obtained by (;old-rolling 
a 2 in. diameter bar to | in. and then cold-drawing to 0 02 in., all 
without annealing, show that even after this drastic treatment, resulting 
in a high maximum tensile strength, appreciable ductility is still 
retained. 

Maximum Stress .... 57-0 ton-s per sq. in. 

Torsion turns per 100 diamotors . . 37 

The strength properties of three typi(;al copper-nickel drawn rods, 
containing respectively 15, 20 and 40 per cent of nickel, are given in 
Table 70.* 

In the case of hard -drawn nickel-copper wires the tensile strengths 
of 15, 20 and 40 per cent nickel content wires of 10 S.W.G. were 
♦ Bureau of Information on Nickel. 
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TABLE 70 


Strength Properties of Nickei.-copper Drawn Rods 


CornpoHitioii 

(‘oiiditioii 

Tensile 
Strength 
I'ons per 
sq. in. 

1 

Elonga- 

tion 

per cent 

Reduction 
of Area 
pf?r cent 

Nickel 

Copper 



Haiu. . 

31-7 1 

170 

73-4 

15 

85 

Annealed 850 -4)00^ C. for 






15 minutes 

20-5 1 

500 

86-5 



Hari> . 

33-5 

18-0 

700 

20 

80 

AnneaUxl 850' -900 ' C. for 






15 minutes 

21-4 

5 10 

83*6 



Hard . 

40-9 

120 

56-6 

40 

GO 

.Aniujaleri 850 -900 (\ . 

■ 2G‘7 

44-8 

730 

I 


34-8, 36-5 and 40-6 tons sq. in. respectively ; the corresponding 
elongations were (3*25, 5-1 and 4-7 jx^r cent respectively. 

Tensile strengths up to 50 tons per sq. in. have been obtained with 
hard-drawn wires of 40 i)er cent nickel-copper allov for wires of 18 to 
20 S.W.G. 

The 20 per ccw/ nickel-copper alloy used for bullet envelopes has a 
tensile strength of about 40 tons per sq. in. in the sheet form, as 
received from the manufacturers. By annealing at temperatures of 
300"", 500"^, 700 and 750^^ C. for j)eriods of 3 hours each, the resj)ective 
tensile strengths are 38-2, 25-5, 23*5 and 23*1 tons per sq. in. The 
percentage elongatk)ns were 8-5, 340, 380 and 440 respectively ; 
these values show the marked effect of annealing upon ductility. The 
percentage reduction of area values in the above examples were 36*0, 
53*5, 61*5 and (33*0 respectively. 

Strengths at Elevated Temperatures 

It is characteristic of the nickel- cop jx^r alloys that they retain 
their strength properties at temperatures well above normal. Thus in 
the case of the 12 jjer cent nickel alloy the tensile strength of a specimen 
tested at 13° C. was 18*1 tons per sq. in., with 55-5 per cent elongation 
and 63 per cent reduction of area. 

As the temperature w as increased these values all fell progressively 
until at 455° C. they reached the values of 9-9 tons per sq. in., 27*5 
and 41*0 per cent respectively. 

Some comparative temperature-strength results for the 80/20 and 
98/2 copiKjr-nickel alloys and typical brasses, bronzes and gunmetal 
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are given in Fig. 95. It will be observed from these results that both 
of the cop|)er-nickel alloys compare very favourably with the best of 
the bronzes and brasses; the 80/20 alloy is actually stronger above 
325° C. than any of the other materials tested ; the 98/2 alloy is stronger 
above 410° C. 

Other Nickel-copper Alloys 

In connection with the alloys containing less nickel than copper, 
the 2 jier cent nickel-content alloys are used for locomotive stay rods 



Fio. 95. Propertirs of Xickel-coppkr and Other Am.civs at 
Elevated T empkuatchks 


and boiler and flue tubes. This alloy has also been much used for the 
driving bands of shells. 

An important appli(.*atiori of alloys with 15 per cent and upwards 
of nickel is for condenser tubes, as these alloys exhibit marked resistance 
to corrosion : after long periods of service such tubes show little if any 
corrosion whereas the brass tubes previously employed would be 
rendered useless in one-quarter to one-sixth of the period (Fig. 96). 

The tendency, in marine work, is to use alloys of higher nickel 
content, namely, at least 30 per cent, as such alloys under severe 
working conditions in marine condensers stand up extremely well 
over long periods. 
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Another advantage of this group of alloys is their immunity from 
the defect known as “season cracking.” 

The alloys with 40 to 45 |)er cent nickel are much used for electrirxil 
purposes on account of their low temperature coefficients and high 




Fio. 96. Showing ( Right ) CoiiRonED Brass Conuenser Tubes with Less 
THAN One Year’s Service, and ( I ^ Jt ) Cupro-nickel Tubes after Fottr 

Years' Service 


resistivity, combined with corrosion resistance, so that they are 
employed for resistance and rheostat elements. Another application 
is for thermo-couple pyromelers, in conjunction with copper and iron 
as the other elements. Typical resistance alloys of this class are 
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Cimstanian, Ferry y and Eureka. Constantan contains about 40 per cent 
nickel and 60 per cent copper. It has an electrical resistance about 25 to 
30 times as great as copper, the actual value being about 60 microhms 



100 80 60 40 20 0% Cu. 

COMPOSITION OF ALLOYS 

Fig. 1>7. Electkical Resistance Properties of Nickel- 
copper Alloys 

per cu. cm. at 20"^ C. The coefficient of resistance increase with tem- 
perature is 0 000005 per deg. C. at 20"^ C. 

The thermo-electric power with copper (for thermo-couples) is 
40 microvolts at 0° C. The specific gravity is 9*73. 

Other high-resistance nickel alloys are Nickeline (25 per cent nickel) 
and Manganin (an alloy of copper, nickel and manganese). 

The group of alloys having 45 per cent of nickel and above are also 
employed, on account of their silvery-white appearance and non- 
corrosion properties, for various decorative and domestic purposes. In 
cafeteria work they are used in the sheet form for counter tops and 
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soda fountain parts. The resistance of these alloys to attack by 
vegetable and fruit acids has resulted in their employment for spoons, 
forks and containers and also for vessels employed in various chemical, 
semi-chemical and food preparation industries. 

Other applications of this group of alloys include those of radiator 
shell pressings, automobile fittings, ships’ furniture fittings, and those 



Fio. 98 . Showing Structure of Cast Monel Metal 


for architectural purposes, e.g. door furniture, staircase rails, grilles and 
lift doors. 

Hitherto, we have dealt with nickel- copper alloys having less nickel 
than copper, but as the nickel content is increased above 50 per cent 
there is some improvement in the mechanical strength properties, 
though the range of alloys between 60 and 80 per cent nickel give the 
optimum strength figm^s ; on either side of t his range there is a falling 
off in strength. The 65 to 70 per cent nickel-copper alloy with low iron 
content is the well-known Monel metal used commercially for various 
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purposes. It should be here noted that variations other than those in 
nickel content may affect the properties of the alloys in this range 
appreciably. Carbon, in particular, has a marked influence on the 
mechanical properties and must therefore be kept below about 0*26 
per cent. 

Monel Metal 

Monel metal is the name given to a high nickel-copper alloy widely 
employed commercially on account of its good mechanical and corrosion 
resistance properties. It has the following limits of percentage com- 
position, namely: Ni, 65-70; Cu, 26-30; Fe, to 3*0; Mn, to 1*5; 
Si, to 0*25; C, to 0*25. 

In the case of castings these may have a higher silicon content up 
to about 4 per cent. It may be mentioned that silicon-content Monel 
castings have more recently been produced which can be heat-treated ; 
normally Monel is not responsive to heat-treatment, but can be 
hardened by mechanical working. 

In regard to the structure of Monel, as this is composed principally 
of nickel and copper the physical properties are those typical of the 
solid solution. The structure of cast Monel is shown in Fig. 98. Once 
this structure or “cored” formation has been broken down by forging, 
rolling or cold-wwking the grain size is reduced and rendered more 
uniform as illustrated by the three illustrations given in Fig. 99. 

Physical Properties 

The principal physical properties of Monel are as folio w^s* — 


Density . . . . . . .8-80 

Lb. per cub. in. ...... 0*318 

Melting point ..... 1350' C. (2460 ’ F.) 

Specific heat (20"- 400" C.) . . . . . 0*127 

Coefficient of expansion (25°~ 100" C.) . . . 0*000014 

pcrl"C. (2r>'~300"(’.) . . . 0*000015 

Heat conductivity (O'-lOO C.); I that of (\>mmercial Copper. 
Electrical resistivity (at 0" C.) — - 

micro-cm.* ....... 42-5 

ohm-mil-ft. ....... 256 

Magnetic transformation .... 95" C. (203" F.) 

Recrystallization temperaturesf (lower limits) . 430"- 820" C. 


Mechanical Strength Properties 

The tensile strength and elongation of Monel cover a wide range 
depending upon the condition, i.e. whether as cast, annealed, hot or 

♦ H. Wiggin & Co. Ltd. 
t Dependent upon grain size. 
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cold rolled. In general, however, the alloy has a high ductility in its 
wrought forms, and in this connection the ductility of Monel spring 
wire is such that it can be bent around its own diameter without 
fracture. Similarly, it has been shown that a 1-in. diameter Whitworth 
threaded rod can be bent back on itself, i.e. through 180° without 
fracture, at normal air temperature. 

Monel castings have a yield point of 12 to 15 tons per sq. in. and 
tensile strength of 19 to 23 tons per sq. in. with about 12 per cent 
elongation the Brinell hardness value is 110 to 130. 

There is a special silicon Monel used for castings, which, upon 
heat-treatment, gives tensil^ strength values of 38 to 40 tons per sq. 
in. with 10 to 15 per cent elongation and a Brinell hardness of 190 to 
210 . 

Cold-drawn bars have a yield point and tensile strength of 35 to 
40 and 40 to 45 tons per sq. in. respectively, with 20 to 18 per cent 
elongation ;* the Brinell hardness value is 210 to 190. When annealed, 
however, the yield point and tensile strength fall to 14 to 17 and 30 
to 35 tons per sq. in. respectively, whilst the ductility is improved, 
the percentage elongation being about 35, and Brinell hardness 110 
to 120. 

Normal hot-mlled bars have slightly higher tensile strengths and 
about the same ductility as the annealed cold-drawn bars. 

Cold-rolled sheet or strip has a tensile strength of 40 to 45 tons per 
sq. in. with 15 per cent elongation ; the effect of annealing the metal 
is to reduce the tensile strength to 29 to 30 tons per sq. in., with 
increased elongation of 30 per cent. The yield point of the hard cold- 
rolled sheet or strip has the same value as the tensile strength. 

Cold-draim wire has a tensile strength of 55 to 60 tons per sq. in. 
with 5 to 10 per cent elongation and a yield point of 50 to 55 tons per 
sq. in. ; when annealed the tensile strength becomes 29 to 33 tons 
per sq. in. with 35 per cent elongation. 

The endurance limits of Monel in the annealed and hot-rolled 
condition are about ± 16 tons per sq. in. and in the fully worked 
condition about ± 22 tons per sq. in. 

The Izod impact values of hot-rolled and annealed Monel range 
from 115ft.-lb. to the limits of the 120 ft. -lb. Izod testing machine. 
Monel cold-rolled to 50 per cent reduction has an Izod value of 65 to 
80 ft.-lb. 

The modulus of elasticity of Monel is 25 to 26 X 10® lb. per sq. in. 

The modulus of rigidity of Monel is 8 to 9 X 10® lb. per sq. in. 


* On 4 V area. 
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Strength at Elevated Temperatures 

The tensile strength of Monel increases with decrease of temper- 
ature below normal atmospheric values and, in common with other 
alloys, decreases as the temperature is raised, but at a lower rate than 
that of the brasses and many of the bronzes. 

Fig. 100* illustrates the mechanical properties of Monel at temper- 
atures up to 800*^ C., at which temperature the tensile strength is 



Temperature "C. 

Fi«. 102. Impact Strengths of 70/30 Nh^kel-coppkk ALLo^' at 
Flkvated Temperatures 

8 tons per sq. in. The torsional strength properties over the same range 
of temperatures are illustrated in the graphs given in Fig. 101. 

In regard to the creep stress, the limiting values at 400"^, 5(X)'’, 
600° and 700° C. are given as 24, 10, 2 and 1 ton per sq. in. respect- 
ively; these limiting stress values are such that they will not c;au.se 
fracture if applied continuously over a period of at least three years. 
At stresses lying between the limiting creep stress and the limit of 
proportionality the metal will deform slightly and in doing so will bi' 
work-hardened to the extent tbat it will resist creep at these stress 
values. 

The impact strengths of 70/30 nickel-copper alloy at elevated 
temperatures are shown in Fig. 102. 

Torsional Strength 

The average torsional strengths of hot-rolled and cold-drawn Monel 
are shown in Table 71. 

* “Mechanical Properties at High Temperatures of an Alloy of Nickel and 
Copper,” H. J. Tapsell and J. Bradley, Journ. Irtfft. Metals, 1926. 
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TABLE 71 

Torsional Strength of Monel (H. Wiggin & Co., Ltd.) 


Condition 

Yield Point 
Tons per sq. in. 

t 

Breaking Stress 
Tons per sq. in. 

Limit of 
Proportionality 
Tons per sq. in. 

Hot-rolled 

1 j 

12-16 

27-28 

9-13 

Cold-drawn (1 in. diameter) 

33-36 

40-42 

20-22 


Corrosion Resistance of Monel Metal 

On account of its high nickel content Monel possesses excellent 
corrosion -resistance qualities which enable it to be used for a wide range 
of industrial and engineering applications. 

It does not corrode under atmospheric conditions, even in air 
conditions of industrial centres. It is unaffected b\^ sea and estuarine 
waters and for this reason is frequently employed in marine practice 
for propeller shafting of small boats, propellers, mast fittings of yachts, 
ships’ bolts and nuts, galley-fittings, tanks, etc. 

It is unaffected by alkaline solutions and is therefore used for 
evaporators and other plant in the recovery and production of caustic 
soda. It is attacked, however, by ammonium hydroxide soluticms of 
over 10 per cent concentration, but not by weaker solutions. 

Monel is only slightly attacked by acetic, citric and tartaric acids 
but is affected by nitric acid. 

The acid attack increases with aeration and with hydrogen-ion 
concentration. Air-free acids, other than those of an inherently 
oxidizing character, like nitric acid, do not appear to corrode Monel, 
but the rate of attack may become fairly high in aerated solutions 
of the stronger acid and hydrogen-ion concentrations. It is not 
materially affected by sulphuric acid concentrations up to 80 per cent 
and is much used, commercially, in contact with this acid. Similarly, 
Monel is unaffected by pure phosphoric acid. 

Monel is highly resistant to the corrosive and erosive action of 
superheated steam, and since it retains a iharked proportion of its 
strength at tem^x^ratures up to about 400*^ C., it is particularly suited 
to the making of certain steam parts and fittings. 

At high temperatures (450"^ C. to 500° C.) in oxidizing atmospheres 
it develops a protective oxide skin. 

Fabrication of Monel Metal 

Monel is hot-forged and worked at 1040° C. to 1150° C. and should not 
be hot-worked at much below the former temperature since the hot 
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ductility of the metal falls rapidly with temperature decrease. It loses 
all malleability at about 1210° C. Furnaces used for heating Monel 
should be of the type in which combustion occurs before the hot gases 
reach the metal; sulphur-free fuel should be employed. Further, a 
definitely reducing atmosphere is necessary to avoid oxidation and 
scaling. 

Monel is cold-worked in a somewhat similar manner to mild steel 
for operations such as drawing, bending, die-forging, forming and 
pressing. Owing to its high elastic limit an appreciable amount of 
power is required in these operations; for this reason it is difficult 
to spin and fabricate by hand. Moreover, frequent annealing is 
required for multiple forming processes. 

For wire and rod drawing it is necessary to employ chromium - 
plated hardened steel, tungsten carbide, or diamond dies with well 
polished surfaces. 

Monel is annealed by heating at 900° C. to 950° C. for about five 
minutes. It can be box-annealed satisfactorily at 730° C. to 790° C. 
for about an hour. 

Machining Monel Metal 

This alloy can be machined either dry or with the usual lubricants 
provided suitable tools, speeds, and feeds are employed. 

Monel metal machines with a long, tough chip, in this respect closely 
resembling copper, but requiring about the same power to cut as 
mild steel. 

Cast Monel metal requires somewhat more power. Owing to the 
great toughness of the metal, tools with a keen edge are necessary in 
all machine work. These tools should be ground with a decided rake 
or lip, and only the better grades of high-speed steels used. 

Fig. 103 illustrates the various tools recommended for machining 
Monel metal and other nickel-copper alloys. 

In regard to the cutting speed, this will vary with the depth of 
cut and feed from 30 to 100 ft. per min. 

Soldering^ Brazing, and Welding Monel Metal 

The alloys can be soft soldered or brazed quite easily as long as 
the usual precautions regarding cleanliness, freedom from oxide, etc., 
are taken. Any fuel containing a high sulphur content should be 
avoided. The same flux, solders, and tools are used as for copper. 
Any oxide on hot-worked metal should be removed before commencing 
to solder. Monernietal is brazed in the same manner as copper, using 
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ordinary solder with borax as flux. It can also be silver-soldered, 
using a blow-torch with the same flux. 

Electric resistance welding with spot- or butt-welding machines is 
the same as with any other metal, while the oxy-acetylene or arc 
welding processes can be utilized without any great difficulty. In every 
case absolute cleanliness of the metal and of the welding rod, where 
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DIES 

Fig. 103 . Tools Hkc'ommknded for Machining 
Monel Metal 

used, is essential to success. A wash over with strong solution of 
borax is often helpful. 

With the oxy-acetylene process sulphur-free gas must be employed 
and the reducing or central part of the flame utilized. In arc welding 
special precautions against oxidation are necessiiry and the welding 
rods might also profitably be protected by one of the usual covers. 
It is important to see that the welding rod is the positive electrode, 
i.e. the converse of what is usual when arc welding steel. 

Monel metal can be welded to cast iron, steel, brass, bronze, 
copper, in fact to almost any common metal or alloy. 

Monel metal can be pickled in any of the normally employed 
sulphuric acid or hydrochloric acid solutions, provided some oxidizing 
agent (such as ferric oxide, sodium dicliromate, etc.) is added to 
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prevent re-deposition of the copper from the solution on to the pickled 
metal. 


Applications of Monel 

Monel is employed for fittings and components requiring relatively 
high mechanical strength at normal and elevated temperatures up to 
about 500 C., combined with good corrosion resisting qualities. It is 
widely used, therefore, for industrial manufacturing tanks, kettles, 



puni[)s, mixers, valves, wire-gauze strainers, tubes, diaphragms, coils 
for heating nuts, bolts, washers, bushings, shafts, etc. 

It also finds wide application in the textile industry in connection 
with plant used for dyeing of fabrics and artificial silk, bleaching, 
mercerizing, drying and finishing machinery. It is also much used in 
food manufoeturing plant. Its marine uses have previously been 
referred to and in particular its suitability for propeller shafting of 
small boats. 

In the aircraft industry Monel has been used for the valve seat 
inserts of aluminium alloy cylinder heads, since it is considerably harder 
than the aluminium bronze hitherto employed and is non-corrosive 
to the hot exhaust gases. It has been used for petrol pipes in place 
of copper, since it offers better corrosion resistance and has higher 
tensile and fatigue strengths. 

Other aircraft applications include wing tip floats of seaplanes, 
mooring buoys, Monel rivets for metal wing lattices, floats and hulls, 
elevating jacks of flying boat rudders, water storage tanks, etc. Monel 
radiators of extremely light, construction, which are completely 
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resistant to water, lubricating oil and ethylene glycol, have been 
employed on continental aircraft. 

Among the automobile parts for which Monel is applicable are 
radiator pins, body bolts, screws and nuts, licence plate bolts, and air 
and oil cleaner wire gauze filters. In general engineering it is employed 
for reciprocating pump plungers, valves, spindles, etc., and in circu- 
lating pumj)8 used for condenser water cooling. Other uses include 
gland rings, springs, metal gauze filters, disc valves, governors, stop 
valve seats, castings, cylinder liners, bolts, studs and nuts. 

In connection with high pressure super-heated steam practice, 
typical Monel components include valve discs and seats of soot blowers, 
gauge cocks, safety valves, blow-down valves, non-return check valves. 
It is used for seats and lids of main steam valves, as it resists the 
cutting action of high velocity steam, even when abrasive particles of 
rust or crystallized salts are present. 

Monel valve stems retain a high proportion of strength at elevated 
steam temperatures, thus eliminating risk of breakage. 

Monel is used for turbine blading as it resists the cutting action of 
sui)erheated steam, retains strength and toughness at high temper- 
atures, has inherent resistance to corrosion, and can be drawm to 
accurate profiles with sharp edges and smooth surfiices. 

Monel steam j)urifier baffles are employed as they are immune from 
rust and corrosion and easy to fabricate. 

In hydro-electric plants Monel is used for needles and nozzles 
controlling water jets on Pelton wheels. 

Strainers of perforated Monel sheet or wire cloth are used in 
regulating valves, meters and on lubricating oil, steam and fuel oil 
lines, etc. Monel is also regularly used for ball float and other types 
of steam trap valves. 

Corrugated Monel joint rings (Fig. 105) are practically unaffected 
by the cutting action of high pressure, high suj)erheated steam, and 
do not blow out if a joint becomes slack. 

In railway work, Monel is sometimes employed for fire-box stay 
bolts. 

Mention may also be made of Mon^l-faced plywood which, on 
account of the permanent retention of its pleasing decorative ap|)ear- 
anee, is employed for shelving, doors, food service lifts, table tops, 
furniture, wall-panelling, cold storage construction, etc. 

K-Monel 

A more recent alloy, known as K-Mond^ has been developed from 
Monel metal and is capable of heat-treatment so that it gives similar 
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mechanical properties to those of steel. This nickel alloy, which 
contains aluminium, obtains its full strength properties by hot or cold 
working and heat-treatment. It has the following percentage compo- 
sition: Ni, 66 : ai, 29; Al, 2-75; Si, 0-25; Mn,04: Fe,0-9; C, 015. 



Fig. 105. A Selection of Monel Joint Rings 
{MeUtllic Manufacturing Co.) 


The alloy melts at 1315° C. to 1350° C., and has a specific gravity 
of 8-6. 

The specific heat from 20° C. to 400° C. is 0*127. 

The coefficient of linear expansion from 25° C. to 100° C. is 0*000014 
per ° C. ; from 25° C. to 600° C. it is 0*000016. 

The thermal conductivity from 0° C. to 100° C. is 0*043 C.G.S. 
units. 

The electrical resistivity is approximately 62 microhms per cm. 
cube. 

The alloy is magnetic at temperatures below — 79° C., being non- 
magnetic above this temperature. 
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The mechanical strength properties in the three conditions in 
which K-Monel is available commercially are given in Table 72. 

TABLE 72 

Mechanical Properties of K-Monkl 


Condition 

Ultimate 
Strength 
Tons per 
sq. in. 

Yield 
Point 
Tons per 
sq. in. 

Elonga- 

tion 

per cent 
on 2 in. 

1 

Izod 

Ft.-lb. 

Brinell 

Hardness 

Hot-rolled and softened . 

39 

19 

35 

100 

140 

Hot-rolled, softened, and 


! 


! 


thermally hardened . 

«0 

43 

30 

70 ' 

270 

Cold- worked and therm- 






ally hardened 

72 

60 

15 

50 

320 


The fully heat-treated metal \vill withstand an alternating stress 
of i 17*5 tons jier sq. in. for 10 million cycles without fracture. 

The elastic modulus in tension is 26 x 10* lb. per sq. in. and in 
torsion 9-5 X 10* lb. per sq. in. 

Strength at Elevated Temperatures 

The values given in Table 73 refer to short-time tensile tests made 
upon cold -drawn and heat-treated rods — 


TABLE 73 

Strength of K-Monel at Elevated Temperatures 


Temperature 
" (\ 

Maximum 
Stress 
Tons y)er 
stf. in. 

Yield 
Point 
1\)ns ])or 
.s(|. in. 

Propor- 
tionality 
Limit 
Tons per 
scj. in. 

Elongation 
per cent 
i on 2 in. 

Reduction 
in Area 
per cent 

25 

73-6 

i 

55-8 

46-9 

210 

38 9 

95 

72-8 

55*4 

46*4 

210 

370 

205 

69-6 

52-7 

44-6 

200 

350 

315 

65-9 

48’5 

37-5 

19*5 

32-8 

425 

.55-8 

47*3 

36-3 

18*5 

29-8 

540 

55*6 

45-9 

31-5 

9-8 

9-8 


In regard to the creep strength the following results may be 
quoted.* Six^cimens of rod which had been cold- worked and heat- 

♦ H. Wiggiu & Co., Ltd. 
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treated to give a Brinell hardness of 285 sustained a load of 30 tons 
per sq. in. at 400"^ C. for three weeks without showing any measurable 
creep. In the case of fully heat-treated rod, having Brinell hardness of 
240, which had not been cold- worked, a load of 20 tons per sq. in. 
was sustained for three Aveeks without showing any measurable 
creep. 

Heat-treatment and Machining 

To soften K-Monel metal, it should be heated to a temperature 
of approximately 900° C. for a sufficient time to ensure complete 
soaking, and be quenched in water or oil. 

To harden, the material should be reheated to a temperature of 
590° C., and slowly cooled. The degree of hardness developed varies 
to some extent with the time of exposure at this* temperature. Four 
hours is generally sufficiently long to develop practically full hardness, 
but slightly increased hardness results from holding at this temper- 
ature for six or eight hours. The hardening treatment can be ap}>lie(I 
to softened, hot-rolled, or cold- worked material. 

In the softened or moderately hardened (up to 270 Brinell) con- 
dition it can be machined at almost the same sj^ecds and feeds as 
for mild steel, provided good quality high-sj>eed steel tools arc used. 
In the work-hardened plus thermally -hardened condition (Brinell 
280-330, or even higher), Widia or similar cemented carbide tools are 
usually necessary, but this can be avoided by machining before final 
thermal hardening. 

On account of its high mechanical strengths at ordinary and 
elevated temperatures and its corrosion resistance— which is similar 
to that of Monel metal — this alloy has many applications in engineering. 

Typical examples are : valves and seats in pumps handling oil 
containing brines and sodium sulphide (here K-Monel has outlasted 
high alloy corrosion-resisting steels with a service life of 4 to 1 in 
favour of K-Monel), valves and seats on “starting-air” bottles for 
Diesel engines, blades for paper-making machinery, and impulse 
blading of steam turbines operating at high pressures and sui)erheats. 

Inconel 

Inconel is another more recent alloy having excellent mechanical 
properties at ordinary and elevated temperatures, combined with 
important corrosion resistance at the.se temperatures. It is also amen- 
able to fabricating operations. Inconel has the following percentage 
composition: Ni, 80; Cr, 14 to 14; Fc, the remaindc^r. 

It has a melting point of 1395° C. and specific gravity of 8-55. 
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The specific heat from 25° C. to 100° C. is 0*109 G.G.S. units. 

The coefficient of linear expansion from 40° C. to 1(X)° C. is 0*00001 15 
per ° C. ; from 40° C to 700° C. it is 0*0000161. 

The heat conductivity from 40° C. to 100° C. is 0*036 C.G.S. units, 
i.e. about 3*5 per cent that of copper. 

In regard to its mechanical strength properties some representative 



Fio. lOfi. AvfniAGK Tensilk Pkgpekties of Hot-roi.led and 
Cold-drawn Inconel Rods 


values are shown in Fig. 106 for hot-rolled and cold-drawn Incone 
rods. 

The cast metal has a yield point of 18 tons per sq. in. and tensile 
strength of 32 tons per sq. in., with 10 to 15 })er cent elongation. The 
Brine 11 hardness is about 160. 

The modulus of elasticity in tension is 31 X 10* lb. per sq. in. and 
in torsion, 10*3 X 10* lb. per sq. in. 

In regard to the fatigue strengtli the endurance limits of the hot- 
rolled and cold-drawn bar are 16 and 20 tons per sq. in. respectively. 
For the fully annealed metal the value is 14*5 tons per sq. in. 

In common with other members of the nickel-chromium -iron 
group of alloys, Inconel has great strength and resistance to oxidation 
at elevated temperatures, as shown by the short-time test results 
given in Fig. 107. 

Inconel is annealed after heavy cold-working by heating to 980° C 
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for 10 to 15 min. At 535° C. the internal stresses are relieved to some 
extent ; at 760° C. they are fully relieved. The mode of cooling from 
these temperatures is unimportant ; quenching or furnace cooling both 
produce proper softening. The alloy may be bent (yr pressed without 



Fig. 107. Short-time High-temperature Tensile Properties 
OF Inconel 

difficulty, as it is quite ductile and does not work-harden very 
rapidly. 

In machining Inconel a good deal of heat is usually developed, so 
that high-speed tools require careful heat-treatment and grinding. 
For ordinary lathe work low cutting speeds are necessary, namely, 
about 45 ft. per min. with J in. cut and in. feed. The alloy machines 
uniformly and does not drag or tear with properly designed tools 
and sharp edges. 

Inconel can be soft soldered with ordinary tinsmith's solder, using a 
neutral zinc chloride solution as a flux. It can be welded by the oxy- 
acetylene and metallic arc methods without difficulty, using special 
flux and feeding rods (or flux-coated filler rods) in the former method. 
In electric arc welding flux-coated electrodes are employed and the 
work is made negative. 
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Applications of Inconel 

On account of its high mechanical strength properties and corrosion 
resistance at ordinary and elevated temperatures, Inconel has a wide 
range of engineering and industrial applications. 

In engineering work it is employed for springs which are used under 
conditions of elevated temperature and exposure to cofrosive action. 
The alloy is so ductile that it can be vTapped around its own diameter 



Fio. 108 . Aircraft Enoink Exhaust Mantfold in Inconel 
(Rolls Royce, Ltd.) 

without fracture. Inconel springs are frequently used at temperatures 
of 400° C. For maximum resistance to fatigue or high temperature 
Inconel springs should be heated after forming for 2 hours at 375° C. 
to 400° C. 

Inconel is also used for the exhaust manifolds of aircraft engines. 
A typical example of its employment is for the ejector-type manifolds 
of Rolls Royce “Merlin” engines; it is well suited for this purpose, 
being unaffected by the hot exhaust gases which readily attack ordinary 
steels. 

Corrosion Resistance 

Inconel has a very high resistance to corrosion and tarnishing by 
most acids and alkalis, and on this account is used for containers and 
fittings for food manufacture — particularly where dairy products and 
fruit juices are involved. The chromium content makes it superior 
to pure nickel for these purposes. However, the oxidizing eflFect of 
dissolved air alone is not sufficient to ensure complete passivity and 
freedom from attack by air-saturated mineral acids or concentrated 

(T.5303) II 
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organic acids. The alloy, however, remains bright indefinitely in indoor 
atmospheres and is immune to corrosion in sulphurous outdoor 
atmospheres. Whilst highly resistant to moving salt water it may 
become pitted in quiet or stagnant salt water. It is unaffected by dry 
gases at atmospheric temperature, but is not resistant to wet chlorine, 
bromine or sulphur dioxide. It is completely resistant to mixtures of 
steam, air and carbon dioxide and is especially useful in contact with 
steam at temperatures in excess of 425° C. 

Inconel resists progressive oxidation at temperatures up to 1 100° C. 
and for this reason is employed for the sheathing of electric heating 
elements. 

The Nickel Silvers 

This group of alloys contains nickel, copper and zinc and may be 
regarded as nickel brasses. It includes alloys previously known as 
Oerman silvers, although these do not contain any silver but are of 
silvery-white appearance. 

The compositions of nickel-silver alloys cover a fairly wide 
range, namely ; copper from 50 to 65 per cent ; nickel from 7 to 30 
per cent, and zinc from 10 to 25 per cent. In many of these alloys the 
chief purpose of the nickel is to produce a fine white colour whilst at 
the same time improving the mechanical properties, notably ductility 
and toughness ; it also renders the metal more corrosion-resistant. 

Table 74 shows the tensile strengths of a number of nickel-silver 
alloys, as tested in the form of rolled strip* — 


TABLE 74 

Tensile Properties of Nickel-silver Alloys 
(Tests on Strip) 


Percentage Composition 

Condition 

Tensile 
Strength 
Tons per 
sq. in. 

Elongation 
per cent 

Ni 

Cu 

Zn 

30 

47 

23 

Hard 

58-0 

2 

30 

47 

23 

Annealed . 

32-5 

32 

25 

55 

20 

Annealed . 

31*5 

38 

18 

64 

18 

Hard 

42-0 

2*5 

18 

64 

18 

Annealed . 

260 

33 

18 

55 

27 

Hard 

47-8 

2 

18 

55 

27 

Annealed . 

30-8 

29 

10 

62 

28 

Hard 

410 

4 

10 

62 

28 

Annealed . 

28*0 

48 


* Bureau of Information on Nickel. 
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Nickel silvers may conveniently be grouped into two principal 
classes, namely, the alpha and the alpha-beta ones. 

The alpha alloys are those containing copper and zinc in the 
approximate ratio of 70 to 30, with nickel varying from small 
percentages up to about 30 per cent. The most useful alloys are 
those of the higher nickel content. These alloys can be cold- 
worked, stamped and drawn with excellent results, but occasional 
annealing is necessary for deep drawing and pressing. The alpha 
nickel-silver alloys usually have heavy composition gradients in the 
cast state but such gradients are not got rid of entirely by working 
and annealing. 

The annealing temperature is from 650° C. to 750° C. 

The alpha-beta nickel-silver alloys have the characteristics of the 
alpha-beta of the copper-zinc system but modified by the presence of 
nickel. They possess good strength properties and actually constitute 
high tensile nickel brasses. 

In regard to their fabrication, these alloys can be extruded, hot 
stamped and otherwise worked in a similar manner to alpha-beta 
brasses. A typical percentage composition is as follows : copper, 45 ; 
zinc, 45 ; and nickel, 10. The Brinell hardness of strip nickel silvers of 
10 to 30 per cent nickel content range from about 75 to 90; 

Concerning the applications of nickel silvers^ these are used where a 
high-strength, ductile and corrosion -resisting alloy is required having 
a silvery-white colour; the latter is obtained with the higher nickel 
content. 

The principal commercial uses of nickel silver are as castings for 
valves and other plumbing fittings, ornamental hardw are, marine hard- 
ware, automobile fittings, typewTiter parts, musical instruments, and 
as a foundation for spoons and forks, etc., w hich are afterwards silver- 
plated (E.P.N.S.). In the case of castings and other alloy parts that 
have to be machined it is the practice to add lead for this purpose. 
When thin section castings are required aluminium, in small quantities, 
is added, but the resulting castings have a tendency to minute porosity 
such that they will not withstand water pressure without leaking. 

Some typical compositions of nickel silvers for specific purposes 
are given in Table 75. 

Nickel Alloy for High Temperature Use 

An alloy used in certain furnaces where firebricks are held together 
by means of bolts, and the excessive temperatures previously caused 
failure of these bolts under severe corrosive influences, is one containing 
96 per cent of nickel and 4 per cent of manganese. This alloy, under 



222 


BNGINBEBINQ MATERIALS 


TABLE 76 

Nickel-silver Alloys 


! 

Alloy 

i 

Ni j 

i ! 

Cu 

1 

Zn ! 

Sn 

1 

1 

Pb 

Others 

Hardware 

18 

50 

32 



Aluminium (as flux) 







0-5 

Valves and plumbing 







attings 

16-5 

49-5 

26 

— 

7-5 


20 

59 

10 

7 

4 


Automobile fittings . 

24 

56 

13-5 

— 

3 

Aluminium 2, Iron 






up to 1-0 

Ingot metal 

12 

59 

29 

— 

— 


Brazing solder 

8-20 

35-40 

40-55 

i 

— 



the conditions stated, becomes coated with a protective film of man- 
ganese oxide. It can be either cast or forged and a specimen bolt of 
the metal has been bent through 180° without fracture. 

Nickel Coinage 

Although not employed in this country this represents one of the 
oldest applications of nickel. The principal interesting development 
of recent times has been the substitution of pure nickel coinage for the 
older nickel-copper coinage started about 1850. Several countries, 
including Canada, have within the past few years adopted a pure 
nickel coinage, and are finding it better than the copper-nickel compo- 
sition. It is hard, very resistant to wear, and gives a very clean coin. 
Because of its hardness and high melting point, it is difficult to counter- 
feit ; in this connection a magnetic test can be used to detect spuiyious 
coins. In all, there are about seventy-five countries throughout the 
world using some type of nickel coinage. 

Sparking Plug Electrodes 

High nickel alloys have proved among the most suitable for aircraft 
and automobile sparking plug electrodes on account of their erosion 
resistance and low sparking voltages. Pure nickel is often used ; or an 
alloy consisting of 97 i)er cent nickel and 3 per cent of manganese. 
Nickel-alloy electrodes have more recently been superseded by 
platinum-iridium alloy ones. 

Nickel-barium Alloys for Sparking Plug Electrodes 

When from 0-1 to 0*2 per cent of barium is added to nickel it has a 
somewhat similar effect upon the nickel as the same percentage of 
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carbon has on iron. The resulting alloy has a greater resistance to the 
action of hot corrosive gases than nickel, as indicated by the results 
given in Fig. 109. ♦ The hardness and tensile strength are increased b}^ 
the small barium content. Further, there is a marked increase in the 
thermionic electron emission from the alloy as compared with nickel, 
which is one of the properties that has led to its extensive use for 
sparking plug electrodes and also for wireless valves. The inclusion of 
2 to 4 per cent of chromium in 
i his alloj" has also been found to 
increase the total emission from 
a given surface. 

The 1*5 per cent nickel- 
barium alloys are ductile and are 
readily rolled or drawn into fine 
wire or ribbon, with a bright 
smooth nickel -coloured surface. 

Nickel Plating Other Metals 

V’^arious common metals can 
be given a coating of nickel by 
the electro-plating method, as a 
protection against corrosion and 
for enhanced appearance pur- 
poses. 

More recently, liowever, chromium plating has to a large extent 
replaced nickel plating for both purposes, but it is generally necessary 
to employ nickel iindercoatings ; thus, practically all automobile 
})iirts are nickel plated prior to chromium plating. The nickel layer 
then inhibits corrosion and at the same time affords a satisfactory 
key to the base metal. It should be mentioned that for decorative 
pur})oses the layer of chromium is extremely thin, i.e. of the order of 
0*00()02 in., and all metals when so deposited are porous. The pores 
therefore give access to the corrosive media and allow them to attack 
the base metal unless it is fully protected. This can be effected with 
entire satisftiction by using a relatively thick underlay of nickel. In 
regard to the adhesion of nickel to the base metal, by careful attention 
to the initial cleaning, removal of grease, etc., followed by anodic 
etching, it is possible to obtain adhesion values of 30 tons per sq. in. 
and over when nickel is electro-deposited on steel. Corresponding 
high adhesion values are obtained for other base metals. 

* “Alloys of Barium and Nickel,** D. W. Randolph, Metal Industry, 16th 
November, 1934. 
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Articles for indoor use are given a coating of nickel about 0-0005 in. 
thick, and this coating is covered by one of chromium 0-00002 in. 
thick. For outdoor use the nickel and chromium coatings are 0-001 in. 
and 0-00002 in. thick respectively. 

The physical properties of the nickel now used for plating are 
similar to those of the pure rolled nickel (malleable grade). 

Bright Nickel Plating 

The more recent developments include those of fast-plating, 
automatic machinery and the employment of bright nickel plating ; 
the adoption of the latter process reduces the buffing costs by as much 
as 26 per cent. 

Briefly, the bright plating method depends upon the existence of 
an initially bright surface on the metal to be plated and the inclusion 
of organic compounds which encourage brightness by colloidal action, 
preventing the growth of large crystals of nickel and limiting the grain 
size to less than one-thousandth of a millimetre. A sulphate solution 
containing nickel and cobalt is employed, roughly in the proportion 
of ten of the former to one of the latter. The colloidal brightening 
agents are formaldehyde and sodium formate. The solution works 
hot and current densities up to 100 amperes per sq. ft. of cathode 
surface have been attained, using 15 per cent cobalt-nickel anodes. 
The pH figure is elastic, ranging from about 3 to 4-5. Deposits of any 
thickness can be built up and still remain bright and ductile, due to 
the presence of the co-deposited cobalt, present to about 10 per cent 
by weight of the deposit. 

Several interesting features about the deposit make it an ideal 
undercoat for chromium plating. The alloy does not become passified 
or etched by chromic acid, thus increasing the potential covering power 
of the chromium. Previously this phenomenon of passivity had been 
the cause of indifferent throwing power and of stripped deposits on 
‘‘straight’* nickel. The electrical conductivity of the new alloy is 
greater than deposited nickel, and the presence of tlie cobalt ensures 
a much longer life against corrosion. 

An important phase of this process is the preliminary cleaning of 
the surface before the nickel is deposited. The cleaning methods have 
been so improved that it is feasible to deposit nickel directly on the 
base metal. Copper is often used as a base for nickel in several applica- 
tions, one of which is the nickel plating of zinc alloy die-castings. 



CHAPTER VII 

BEARING METALS AND OTHER MATERIALS 

There is now a wide range of alloys employed for the bearings of 
machines, engines, and the shafts of rotating parts in general, as well 
as for sliding members, such as piston rods and crossheads. 

The selection of the particular type of bearing metal depends upon 
the conditions under which it is to be used and involves factors relating 
to bearing pressures, rubbing speeds, temperatures, impact or pounding 
elfects, lubrication, etc. 

In the present considerations the bearing materials for rotating 
shaft^ of machinery and engines are given the more prominent atten- 
tion, and particular reference is made to the bearing requirements of 
automobile and aircraft engines. 

Before passing on to the actual subject of bearing metals and 
certain other materials of a non-metallic natijre, it may be of interest 
to consider in brief the desirable qualities of such bearing materials 
from the point of view of selecting the most suitable one for a particular 
purpose. 

Some General Considerations 

The" desirable proix?rties of a satisfiictory bearing material may be 
summarized as follows: (1) Low coefficient of friction; (2) good 
wearing qualities ; (3) ability to withstand continuously the bearing 
pressures, whether of a steady or variable nature ; in particular 
impact or pounding action ; (4) ability to operate satisfactorily with 
suitable lubrication means at the maximum rubbing speeds to which 
it w ill be subjected in practice ; (5) sufficiently high melting point ; 
(6) high thermal conductivity; (7) good casting qualities; (8) the 
desired degree of plasticity under load for its particular application ; 
(9) minimum shrinkage after casting; (10) non-corrosive properties; 
(11) economical in cost and quantity employed. 

Coefficient of Friction. In order to avoid w aste of energy in pow er 
transmission, the frictional loss must be kept down to a minimum. 
Since this loss is dependent upon the value of the coefficient of friction 
between the lubricated shaft and its bearing, it is necessary to keep the 
coefficient value down to a minimum. In this connection the coefficients 
of friction of journal bearings usually lie between the limits of 0*0015 
and 0*02 under working conditions of loading, speed and lubrication. 

225 
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The effects of inadequate lubrication, as when starting engines from 
cold or under conditions of temporary overheating, must be provided 
for in most bearings and the influence of these factors on the frictional 
coefficient determined. 

A knowledge of the bearing friction also involves the viscosity of 
the lubricating oil, angular velocity of the shaft or bearing and the 

bearing pressure. Thus the coefficient 
friction of a lubricated bearing is given 
by the following relation — 


Dry friction 





Rubbing speed v{6l/) 


Fig. 110. Relation between 
Frictional Coefficient and 
Rubbing Speed 


where 'q = oil viscosity, w angular 
velocity, p = load per unit projected 
area of bearing = total load -r length 
X diameter of bearing. 

It will be observed that the coeffi- 
cient fx increases with the viscosity and 
angular velocity, but diminishes with 
increase of pressure — owing to the 
reduction in thickness of the oil film. 
The formula stated, whilst applicable to normal running conditions, 
does not hold for starting or low rubbing speeds. In this connection 
the results of tests by Giimbel and Stribeck, reproduced in Fig. 110,* 
show that the dry frictional coefficient at A is considerably higher than 
the normal value at D, falling progressively as the speed increases. 
If the fluid friction at D persi.sted until the speed fell to zero the curve 
would follow the dotted line. As the oil becomes thinner, however, 
the point of inflexion C is reached where the first contact between the 
high spots on the bearing and shaft occurs. With further decrease of 
speed dry friction occiu:s to an increasing extent and below B exceeds 
the fluid friction, thereafter increasing until at zero velocity it reaches 
the normal dry friction value A for the metals of the shaft and journal. 
Actually, there is always a small amount of lubricant on the surfaces, 
and the zero frictional coefficients in practice correspond to what is 
known as “ boundary lubrication conditions when they are appreciably 
less than for the dry condition. Such boundary conditions are liable 
to occur in j3etrol engines between the pistons and cylinder walls. f 
Resistance to Wear* A bearing material must be sufficiently hard to 


♦ “Lead Bronze Bearings,” C.D.A. Publication No. 33. 

t Aircraft Enginea, Chapter VIII, Vol. II, A. W. Judge (Chapman & Hall, Ltd.}. 
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give long wearing qualities, but must not be hard enough to cause 
wear of the shaft. This condition leads to the conclusion that the 
selection of a bearing metal is governed to some extent by the metal 
used for the shaft and its physical condition. Thus for imhardened 
steel shafts the softer lead-containing bearing metals are applicable, 
whereas for a case-hardened or nitrided steel shaft the harder high- 
tin content phosphor-bronze or other copper alloy bearing metals 
would be employed. 

The bearing metals belonging to the tin-base and lead-base classes 
are generally considered as providing two major coTvatituevJtSy namely, 
a softer plastic matrix containing 
a relatively large number of hard 
grains or particles embedded in 
it. The hard particles resist the 
wear and abrasion of the shaft 
whilst the softer matrix allows 
the bearing to accommodate 
itself to the shape of and load 
on the shaft and also on account 
of its deformation — by plastic 
flow — to accommodate itself to 
a certain degree of non-align- 
ment between the shaft and its 
bearing. 

Fig. Ill illustrates the 
general kind of structure of an 
ordinary whitemetal, with the 
harder antimony-tin cubical 
crystals or copper-tin needles in relief, shov^n against the softer plastic 
matrix consisting of a eutectic of the metals. 

Bearing metals of this class are definitely better than any single 
homogeneous metal or alloy since, if hard enough to give satisfactory 
wearing qualities and a low coefficient of friction, it is not sufficiently 
plastic to take account of imperfect alignment, so that the load is 
supported on a few local areas and eventually the oil film ma^^ break 
down and possibly cause seizure and scoring of the journal. 

Bearing Pressures. The bearing material must possess sufficient 
compressive strength at its normal running temperature to withstand 
the bearing pressines without fracture or appreciable distortion, e.g. 
end flow. It must, however, not have an excessive strength since a 
certain degree of plasticity is generally desirable for the reasons 
previously stated. The exception to this rule is that of hard bearing 
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materials, such as the bearing bronzes which are employed for accur- 
ately aligned bearings. 

The bearing pressure is usually expressed as the total load on the 
bearing divided by the projected area, i.e. the length X diameter. 

The bearing pressures in engineering practice range from the lower 
values of 100 to 500 lb. per sq. in. for heavy loads and low shaft speeds 
in cases where the lubricating film cannot be maintained, up to the 
higher values of 1000 to 3000 lb. per sq. in. for pressure-lubricated high- 
speed bearings of aircraft and automobile engines. 

In the case of line shafting and machine tool bearings which may have 
to operate under sparse or uncertain conditions of lubrication, the 
bearing pressiu-es are kept low to obviate mechanical failure and limit 
the temperature rise of the bearing. In such applications for steel and 
bronze combinations the bearing pressures seldom exceed 300 lb. per 
sq. in. 

Since the rubbing speed is also concerned in any considerations of 
bearing design, it is usual to regard the product of the rubbing speed 
(in feet per min.) and the maximum bearing pressure (in lb. per sq. in.), 
knoivn as the PV factor ^ as an indication of the loading on any par- 
ticular class of bearing. Although this faccor is not always a good 
indication, if the bearing is designed on sound lines with a proper 
knowledge of lubrication requirements it affords a useful method of 
assessing the value of a bearing material in any particular application. 
It must, however, be remembered that viscous drag on the oil film 
builds up oil pressure in well-designed bearings so that high loads 
may be carried at high speeds — a condition that does not exist in 
heavily loaded low-speed bearings. 

Aircraft and Automobile Bearing Pressures. In regard to the bearing 
pressures employed in modern aircraft and automobile engines, values 
up to 1500 lb. per sq. in. have been used for high grade tin-base white- 
metals with corresponding PV values up to 40,000 ft.-lb.-min.-sq. in. 

For lead-bronze bearings values up to 2800 lb. per sq. in. in the 
case of high-speed C.l engines have been satisfactorily employed ; the 
bearings in this case were steel-backed ones with copper-lead bearing 
metal. The corresponding PV values are 65,000 to 75,000. 

Copper-silver alloy bearings have been used in America under 
loads of 2000 lb. per sq. in. and PV values up to 70,000. 

The progress made in connection with aircraft engine big-end and 
main crankshaft journal bearings over a ten-year period is illustrated 
in Fig. 112.* The standard production engines will run satisfactorily 

♦ “Materials of Aircraft Construction,” H. J. Gough, Journ. Roy. Aeron. Soc., 
26th May, 1938. 
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under overload conditions for a limited life; the points marked (a) 
in Fig. 112 relate to such a test, whilst those marked (6) refer to a 
racing engine of 5| hours* useful life. 

Melting Point. The melting point of the bearing metal must not 
be too low, since accidental momentary heating of the bearing due 
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Fio. 112. Illustrating Progress in Aircraft Big-end Connecting 
Rod Bearings over a Ten-year Period 

to operating conditions will cause a serious loss of strength properties 
and may result in the plasticity becoming suflScient to cause the metal 
to flow sidewa3^s from the bearing so that ultimate seizure may occur. 
If too high, casting difficulties are likely to be met with. 

Permanent Plasticitsr. The plasticity of the bearing metal should 
not be affected by working pressures and temperatures, and the alloy 
used must not work-harden under its bearing loads and impacts ; 
otherwise it is likely to lose its initial plasticity and will not yield in 
the areas of greatest local loading pressure. Some of the whitemetals 
possess the desirable property of continuous self-aimealing at their 
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working temperatures, when these are well below the melting points, 
so that the plasticity is of a fairly permanent nature. 

Thennal Conductivity. The heat developed in a bearing should be 
readily conducted away through the bearing metal to its housing, thus 
keeping the bearing metal as cool as possible. Those alloys with the 
higher thermal conductivities, e.g. the copper ones, are advantageous 
in this respect. 

Temperature Effects. In the case of bearings used in automobile 
and aircraft engines the high pressure lubricating oil is passed through 
the main and big-end bearings at a sufficiently high rate to prevent 
the temperature of the bearing metal from exceeding about 70° to 
90° C. The strength properties of the high-tin content and lead-bronze 
alloys are generally ample under these conditions, but in instances 
where bearings may exceed these temperatures a serious loss of strength 
and hardness is liable to occur. 

The effect of elevated temperature upon the strength property of 
a high -tin whitemetal having the following percentage composition is 
shown by the results given in Table 76 :* Sn, 92*3; Sb, 3‘78 ; 
Cu, 3*55 ; Pb, 0*30. The casting temperature was 450° C. and mould 
temperature 20° C. 


TABLE 76 

Strength of Whitemetal at Elevated Temperatures 


Test 

Temperature, 

" C. 1 

Maximum 

Stress 

Tons per sq. 
in. 

Yield Point, 
Tons per sq. 
in. 

Elongation, 
per cent on 

4 V A 

Reduction 
in Area 
per cent 

18 

4-25 

3-4 

20-5 

24 

50 

3-6 

2-85 

26 

34 

100 

2-38 

1*95 

25 

35 

150 

1-7 

M6 

32 

38 

175 

1-2 

0*7 

I 

36 

41 


It will be obvserved that the tensile strength and yield point fall 
to a notable extent as the temperature is increased, so that at the 
boiling point of water the strength is a little over one-half that at 
normal air temperature. The ductility and plasticity increase as the 
temperature is increased, as shown by the elongation and reduction 
in area values. 

* “Whitemetal Bearing Alloys at Elevated Temperatures,” H. Greenwood 
Tech, Puhln. Intemai, Tin Research and Devel. Council, August, 1937. 
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In regard to the effect of temperature upon the hardness of bearing 
metals this is even more marked in the case of the tin -base and lead- 
base alloys, but to a considerably less extent in the high-performance 
alloys such as the lead-bronzes, alui^inium-base and cadmium-base 
alloys. The latter bearing metals have from two to three times the 
hardnesses of the whitemetals at air temperatures, and even at tem- 
peratures as high as 200° C. the aluminium-base and lead-bronzes 
usually have higher hardness values than those of the tin-base alloys 
at air temperature. 

The compositions and hardnesses at temperatures of 20° C., 100° C. 
and 200° C. of some typical bearing metals, including the more recent 
high-performance ones employed on aircraft and automobile engines, 
are given in Table 77. 

Fatigue Cracking. Many of the tin-base bearing alloys, known as 
whitemetals, when employed under severe conditions of service, 
notably excessive loadings or impacts, fail by a process known as 
fatigue cracking. The usual indication of the commencement of this 
mode of failure is the appearance on the surface of a series of fine 
cracks forming a kind of network. Afterwards the cracks spread in- 
wards and also sideways until finally they extend right through the 
metal and then small pieces break away eventually causing failure of 
the bearing ; this mode of failure was experienced in the early days of 
the high-speed. C.I. engine, owing to the severe loads and load varia- 
tions during the working cycles. This type of failure is associated w ith 
the fiitigue range of the metal and is influenced by the existence of 
tensile stresses which act so as to reduce the fatigue range and thus 
cause eventual failure. Those bearing metals with the higher fatigue 
limits are therefore more suitable for application in conditions causing 
failure in whitemetals of the tyj>e described. In this connection the 
modern lead-bronze alloys are markedly superior to the best w^hite- 
raetals. 

The addition of cadmium to certain w hitemetal compositions has 
been shown to increase their fatigue range ; thus, 1 per cent of cadmium 
added to a tin-base alloy will raise the fatigue limit by about 0*4 ton 
per sq. in. 

A useful indication of the condition of tin-base alloys can be 
obtained by etching test bearings after service so as to show' up the 
grain structure. The presence of large and non-uniform grain structure 
and cracks along the grain boundaries reveals the initial conditions 
associated with ultimate failure. On the other hand absence of such 
failure conditions is indicated by a fine uniform grain structure. 

Adhesion to Bearing Shell. In the majority of instances, the 
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Compositions and Hardnesses of Bearing Metals 
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whitemetals and lead bronzes are used as linings to steel or bronze 
shells. It is essential, therefore, that the bond between the bearing 
metal and its shell should be as strong as possible. In this respect 
certain alloys used for bearing purposes are much better than others. 
The high-tin content whitemetals will adhere to their bearing shells 
and to steel connecting rod big-ends if the metal of the latter is 
thoroughly cleaned and tinned beforehand. Again, the cadmium-rich 
bearing metals are found to. adhere strongly to steel shells. 

Alloys which show excessive shrinkage during solidification are 
unsatisfactory for use with bearing shells since it is very difficult to 
obtain proper bonding of the two metals, and any appreciable temper- 
ature increase in service tends to separate them. 

Metals for Bearings 

The various desirable properties of a bearing are in general depen- 
dent upon (1) the chemical composition of the alloy used, and (2) the 
microstructure or arrangement of the constituents ; the latter property 
is to a large extent governed by the casting methods used in making 
the bearing. 

The principal metals employed for various classes of bearings used 
in engineering applications include tin, lead, copper, antimony, zinc, 
nickel, silver, and cadmium. 

The more widely used bearing metals may conveniently be grouped 
into four principal classes, namely, as follows: (1) Tin-base Alloys; 
(2) Lejod-base Alloys; (3) Copper-base Alloys; (4) Special alloys for 
specific applications, e.g. high-duty purposes. 

Tin-base Alloys 

These bearing metals include those containing the greater pro- 
portion of tin, with copper and antimony, and are known as the 
Whitemetals ; they include the well-known Babbitt metal,’*' having 
approximately the following composition : Tin, 83*33 ; antimony, 8*33 ; 
copper, 8*33 per cent. 

When small proportions of copper, exceeding 1 per cent, are added 
to tin the resulting alloy has a microstructure consisting of needle-like 
crystals of a copper-tin compound having about 60 per cent of tin, 
embedded in a matrix consisting of a eutectic mixture of tin with a 
small amount of copper-tin compound ; the latter is designated by the 
letter e in the equilibrium diagram (Fig. 113).t 

If, on the other hand, antimony is added to tin then if the amount 

* First introduced by Sir Isaac Babbitt in 1839. 

t C. T. Heycock and F. H. Neville {PhU. Trans, Roy, Soc,, 1903, 202, 1). 
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is below 7 per cent a solid solution only is obtained. When more than 
7 per cent of antimony is present the resultant alloy consists of cubic 
crystals of antimony-tin in the solid solution. 

Each of the two binary alloys of tin, with copper and lead respec- 
tively, consists of harder constituents in a softer matrix, but unfor- 



PER CENT COPPER 

Fig. 113. Equilibrium Diagram for Copper-tin Whitemktals 

tunately neither alloy is entirely satisfactory as a bearing metal, so 
that it is necessary to include both copper and antimony in the tin in 
order to obtain the desired bearing metal properties. 

When less than 7 per cent of antimony, with 2 to 4 per cent of 
copper, is present in the tin, the alloy obtained consists of a softer 
matrix in which needle-like crystals of the copper-tin compound are 
embedded ; the matrix consists of a mixture of this compound with 
antimony-tin solid solution together with some tin. 

A typical bearing metal* of this class contains 3*5 per cent each 
♦ Bearing Metals,” W. T. Griffiths, Proc, Inst. Marine Engrs., 1925-6. 
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% 

of copper and antimony with the rest of tin. It has a tensile strength 
of just over 5 tons per sq. in., with 11-5 per cent elongation (on 2 in.) 
and a Brinell hardness of 25. In compression the yield point is 3*6 
tons per sq. in., and it requires a compressive stress of 14-7 tons per 
sq. in. to compress a specimen to one-half of its length. 

If the percentages of copper or antimony are increased above 3*6 
and 7-0 respectively, the hardness of the metal is increased, but 



Fio. 114. Structure of Tin-antimony-copper Alloy, x 100 


owing to the brittleness of the crystal constituents there is also greater 
brittleness in the resulting alloy. For this reason the antimony is 
usually kept down below 10 or 12 per cent. 

Another type of alloy is obtained if more than 7 per cent of anti- 
mony is employed when the cubic crystals of antimony-tin compound 
are obtained. In the binary alloy of antimony and tin these crystals 
begin to separate first from the molten alloy and, being lighter, collect 
near the surface. In the ternary alloy, however, the needle-like crystals 
of copper-tin are the first to solidify and these prevent the cubic 
antimony-tin crystals from moving to the surface, so that a more 
uniform distribution throughout the matrix is therefore obtained. 
Fig. 114 illustrates the microstructiure of a typical ternary tin-base 
alloy consisting of 87 per cent tin, 9 per cent antimony, and 4 per cent 
copper. It shows the cubes of tin-antimony and needle -crystals of 
copper-tin embedded in the softer matrix consisting largely of tin. 
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An alloy consisting of 10-6 per cent antimony, 3*6 per cent copper, 
and the rest tin has a tensile strength of 6*6 tons per sq. in., elongation 
of 7*1 per cent, mth Brinell hardness of 33*3, and compressive yield 
point of 4-3. It requires a compressive stress of 17*2 tons per sq. in. 
to reduce its length to one-half. 

An alloy containing 11 per cent each of copper and antimony, with 
the rest tin, belongs to the so-called ''plastic metals,^* The effect of 
the higher copper content is to extend the temperature range between 
the first separation of the crystals and complete solidification. During 
this stage the metal, which is then a mixture of solid and liquid, is in 
a pasty condition, and can be moulded to any desired shape; it is 
therefore useful for bearing repair purposes. 

The high tin content whitemetals of the class considered have wide 
applications for engineering bearings, in conjunction with steel or 
bronze shells or journals, but on account of the high proportion of 
tin are relatively expensive. 

Effect of Lead in Whitemetals. In order to reduce the expense, 
lead is often added to the ternary alloys previously mentioned. Since 
lead does not form any compounds or solid solutions with the tin, it 
is present in the resulting alloy either as fine globules of lead or as 
part of the intimate eutectic mixture comprising the matrix. 

The general effect of lead additions to high tin whitemetals is to 
reduce the hardness and result in an almost complete loss of elongation. 
It is also claimed to reduce the frictional coefficient. 

A typical alloy of this class has the following percentage compo- 
sition: Sn, 80*0; Sb, 11*0 ; Cu, 3 0 ; Pb, 6*0. The tensile strength is 
5*7 tons per sq. in., with zero elongation and a Brinell hardness of 32. 
The yield point in compression is 4*6 tons per sq. in., and the compres- 
sive stress necessary to reduce the test specimen to one-half its length 
is 17*5 tons per sq. in. 

Thin Whitemetal Linings. Normally, in the case of whitemetal- 
lined steel shell bearings the thickness of the whitemetal is from 0*030 
to 0*050 in., the shell thickness being from 0*050 to 0*075 in. As the 
bearing itself is subjected to a bending effect the whitemetal is in 
compression and tension alternately, with the maximum stress value 
at the surface. The neutral axis of bending is then situated in the 
steel portion. Thus the whitemetal experiences the whole range of 
stress reversals due to reversed bending. 

* In more recent shell-type bearings for main and big-ends of con- 
necting rods of automobile engines it has become the practice to reduce 
the thickness of the whitemetal to 0*002 to 0*004 in., and although the 
maximum surface stress remains the same, the steel backing takes 
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most of thfi other stress. The supporting shell enables the local high 
stresses in the whitemetal to be redistributed to itself. If a thin lining 
of this type should fail through lack of lubrication and run, there will 
still be only a small amount of clearance between the shaft and steel 
shell, so that the engine could continue to operate for a further but 
limited period, if suitable lubrication were provided. 

The tri-fabricated bearings mentioned on page 246 have an advan- 
tage in this respect, namely, that in the event of the whitemetal 
running out the lead bronze provides a good bearing metal for the 
steel shaft. 

Lead-b^ Bearing Metals 

The lead-base alloys used for bearing purposes contain lead in 
place of tin, together with Ixitween 10 and 15 per cent of antimony, 
up to about 1*5 ‘per cent of copper, and up to about 20 per cent of tin, 
although the usual percentages of tin lie between 2 and 10. 

Without the tin content these alloys consist of cubic crystals of 
antimony in a matrix of antimony-lead eutectic. The presence of tin 
results in the replacement of the cubic crystals of antimony by the less 
brittle cubic ones of a solid solution of an antimony-tin compound in tin. 

The lead-base alloys are cheaper than the tin-base ones, but are 
not as strong and do not possess the load-carrjdng capacity, so that 
they are generally employed for light ly-loaded bearings; moreover, 
their strength falls more rapidly with temperature increase than the 
tin-base alloys. The lead-base alloys are softer and more easily 
deformed. Further, more care is necessary in casting them owing to 
their higher (molten) viscosity. These bearing alloys are generally 
claimed to have lower frictional coefficients than the tin-base ones 
and rather better wearing qualities. 

In the case of the binary lead-antimony alloys the frictional 
coefficient is relatively quite low and the alloys containing up to 
about 20 per cent of antimony have good casting properties with little 
shrinkage. The hardness of the lead is increased from its normal value 
of 4 on the Brinell scale progressively, up to about 21, with increasing 
proportions of antimony up to 20 per cent. The addition of tin increases 
the hardness as shown by the values given in Table 78. 

With the addition of antimony the melting point falls from that 
of pure lead, namely, 327° C. to about 230° C. for the 12 per cent 
antimony-lead (eutectic) and then increases according to a linear law^ 
up to 630° C. for the pure antimony. 

A fnore recent lead-base alloy* used in the United States and claimed 
♦ Automotive Industries, 16th July, 1941. 
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TABLE 78 

Hardness Properties of Lead-tin-antimony Alloys 


Composition, per cent 

Brinell 

Uemarks 

Lead 

Tin 

Antimony 

Hardness 

90 

5 

5 

15-2 


85 

10 

5 

151 


80 

15 

K 

o 

16-7 

! 

75 

20 

5 

18-0 


70 

25 

5 

16*8 

* 

65 

30 

S 

1.51 

Tensile strength a maximum, 

85 

5 

10 

23-2 

being over 6 tons per square 

80 

10 

10 

25-4 

inch. 

75 

15 

10 

26-4 

Ductility a maximum for tho 
series. 

70 

20 

10 

23-2 

i 

65 

25 

10 

240 

i 

80 

5 1 

15 

i 25-6 


75 

10 1 

15 

310 


70 

15 

15 

32 0 N 


65 

20 : 

' 15 

27-6 1 


75 

5 1 

20 1 

26-7 

High tensile strength, but brittle 

70 

10 ' 

20 

.370 1 

series. 

65 

15 

20 ' 

35-6 / 

I Bearings liable to crack in 

70 

1 i 

i 25 ■ 

27*8 

1 service. 

65 

10 

' 25 ! 

33-6 1 

i 

65* 

i 5 

30 

28-8 / 

1 

i 


i 


to be equal to commercial tin-base alloys in all its physical properties 
contains 12-5 per cent antimony, 0*75 per cent tin and the rest lead. 
The additions of small amounts of copper, bismuth, cadmium, nickel 
and mercury cause no appreciable alteration in the desirable properties 
so that it was concluded that the alloy was insensitive to impurities 
of the usual small amounts. 

The aUoy has a fine granular structure and low coefficient of friction. 
The cast alloy had a Brinell hardness of 22. After heating for 46 days 
at 150® C. and cooling, this value fell to 19*5. The hardness value at 
160® C. was 10. 

The cast alloy had tensile strengths at 25° C., 100® C. and 200® C. 
of 4*47, 3-00 and 0*85 tons per sq. in. respectively. 

Tests made on the composition stability indicated that this was 
very satisfactory, and its rate of dross formation relatively tow. The 
alloy is stated to have a relatively high fatigue strength. 

Alkaline Earth Metal Additions, Attempts have been made to 
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TABLE 79 

Typical Tin and Lead-bask Bearing Allots 


Name 


Uomposition, per cent 


Remarks 

Tin ! 

i 

Copper j 

Lead 1 

! 

Anti- ' 
1 iiiony : 

IMs- 

miith 









/ For high-speed high- 

Itabbitt No. 1 . 

83-33 

8-33 

— 

8 33 

— 

1 pressure bearings, 

„ No. 2 . 

89 

4 

— 

7 

— ■ 

\ e.g. automobile 

1 engines. 

,, No. 3 . 

.'>0 

2 

33 

15 

— 

For medium pressures 







and speeds. 

,, No. 4 . 

5 

— 

80 

1.5 

— 

For medium pressures 







and low speeds. 

„ No. 5 . 

— 


1 90 

10 

— 

I For low pressures and 







speeds such as line 
shaftings. 

Admiralty whitemetal 

86 

55 


8-5 

— 

. For high and medium 







pressure marine en- 
gine bearings. 

Fry's whitemetal 

86 

3-5 

; — 

10 5 

— 

Tensile strength 6-65 

(typical) 



1 



i tons per sq. in. For 
automobile main and 

Locomotive white- 






big-end bearings. 

10 12 

— 

70-80 

8 -20 


For eccentric straps, 

metals 






piston rod packings, 
etc. 

Locomotive bearing 
metal 

Dynamo 

33 

22 


45 

— 

For Journal bearings. 

88 

3 5 

— 

8 

0 5 

For high-speed dynamo 







bearings. 

Plastic metal 

80 

8 

10 

1 

— 

For hearing repairs and 

Universal bearing 






pla.stic moulding. 

6 

— 

77 25 

16 

0-25 

Inexpensive general pur- 

metal 






pose bearing metal 
for light to medium 
loads and speeds. 

Underwater '1 
whitemetal / 

70 

1-2 

- 


Zn 

28 29 

Used for underwater 
purposes, water-Iubri- 
eated, e.g. stem tubes. 

nigh-duty metal 

83 

8-5 


S-5 


For lining thin shell 
automobile bearings. 
Melting point, 240° C. 
For liigh-speed high- 


Automobile bearing . 

8i) 

4 

— 

i 

— 







load big-end and main 
bearings. 

A.S.T.M. bearing 

91 

4-5 

— 

4 5 

• — 

For crank-pin bearinra 

metal 1 






of stoani and l.C. 







engines ; for lining 
shells ; most plastic 
of tin-bjise alloys. 

A.S.T.M. bearing 


1 


i 


Engine main bearings 

75 

3 

10 

12 1 

— 

and general machin- 

metal 4 






ery, machine tools, 







etc. For high pres- 
sures and medium 
speetls. Economical 
tin-base alloy. 







Most economical of lead- 

A.S.T.M. bearing 

10 

— 

75 

15 

— 

base jilloys. Very ser- 

metal 7 






viceable for general 
purposes. Replaces 
high-tin Babbitts for 
certain purposes. 

Cheai)cst of bearing 

A.S.T.M. bearing 

— 

. — 

85 

15 

— 

metals. Suitable for 

metal 11 






line shafting and use 
with softer steel shafts. 
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improve the strength properties of lead- base alloys by the addition of 
alkaline earth metals such as those of barium, calcium, sodium and 
lithium. They are more difficult to cast but possess good compressive 
stress and hardness properties, but are not as strong as high tin content 
whitemetals ; moreover they are subject to excessive loss of hardening 
constituents on remelting. 

A typical alloy of this class is the German Bahnmetal, having the 
following percentage composition : Pb, 98*66 ; Ca, 0*7 ; Na, 0*6 ; 
Li, 0*04. The microstructure consists of hard intermetallic compounds 
of lead with sodium and calcium, in a matrix of almost pure lead. 
The Brinell hardness is about 35. Other lead-alkali bearing metals 
include those known as Frary, Satco, Lurgi and Can. 

Bahnmetal does not lose its hardness with rising temperature at 
the same rate as the tin-base and lead-base alloys and it possesses 
good anti-friction qualities. Tests made at the N.P.L. on Bahnmetal 
showed that it was unsuited to loads above 900 Ib. per sq. in. whereas 
a tin-base alloy having 82 per cent tin, 10*9 per cent antimony, 3*8 per 
cent copper and 3*1 per cent lead ran satisfactorily under the same 
conditions of speed and lubrication up to a loading of 2,500 lb. per 
sq. in. 

Zinc-base Alloys 

Zinc has been used for the less expensive bearing metals in place 
of tin, and in some respects these alloys resemble the bronzes in which 
zinc is added to provide sounder castings. The zinc, however, goes 
into solution in the copper- tin solution, increasing the hardness but 
reducing the strength projicrties; it also raises the value of the 
frictional coefficient. A typical zinc- base alloy used in Germany during 
the last war, when tin was scarce, had the following percentage compo- 
sition limits : Zn, 87-97 ; Cu, 2-10 ; Al, 1-6 ; Pb, 0-4. 

These bearing alloys possess practically no ductility, and owing to 
the difficulty in bonding with steel or bronze bearing shells it is 
necessary to make the complete bearing block of the alloy. The 
coefficient of friction is about three times as great as for tin- base 
whitemetal and the bearing pressure limit is about 350 lb. per sq. in. ; 
under these conditions these zinc-base alloys appear to be suitable 
only for lightly loaded bearings under adequate lubrication conditions. 

• 

Copper-base Alloys 

This important group of bearing metals includes the bronzes 
(copper-tin alloys with or without small proportions of phosphorus, 
nickel, lead, zinc, etc.); the bearing brasses (copper-zinc alloys with 
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or without small additions of other elements) ; the copper-lead alloys 
known as lead bronzes ; the aluminium and silicon bronzes. 

In general the copper-base alloys are very much harder and stronger 
than the whitemetals previously described. They will withstand heavy 
bearing pressures and pounding action without distortion but, on 
account of their lack of plasticity, must be employed in accurate 
aligifment in respect of the journals. Further, owing to their hardness 
they cannot be used satisfactorily with unhardened steel shafts, except 
in special cases where high pressure lubrication is maintained con- 
tinuously. The bronzes and brasses employed for bearing purposes 
have higher coefficients of friction than the whitemetals. Unlike the 
latter, however, these harder bearing metals cannot be cast into shells 
or journals, and are therefore used “solid’' as bushes, finished half- 
brasses or complete bearings. It may be mentioned that successful 
use has been made of rolled bronze strip of about jV* J in. thickness 
for bearing shells inserted into the usual bearing housings of various 
other metals including cast iron and cast brass. The strip is rolled to 
cylindrical form and after insertion is given a final renaming operation ; 
such bearings are employed for light-duty applications. 

In other instances, namely, those of levers, forked ends and brackets 
having bearing holes, instead of using steel for these parts with insei'ted 
brass or bronze bushings, the complete units are made from hot 
stampings in a suitable brass or bronze. 

As most of the bearing brasses and bronzes used in engineering 
practice have already been dealt with in Chapter V, it will be un- 
necessary to consider them further in this chapter, other than to 
give a summary (Table 80) of some typical bearing bronzes, together 
with their average compositions and mechanical properties and 
applications. 

In regard to the weights of the bearing bronzes, the specific gravities 
vary from about 8-3 to 8*9, the leadbearing bronzes having the higher 
values. 

The thermal and electrical condtwtivities of most bearing bronzes are 
of the order of 10 to 20 per cent of the corresponding high conductivity 
(H.C.) copper values according to composition. In the case of copper- 
lead bearing alloys, free from the addition of tin and phosphorus, much 
^igher conductivities, namely, of the order of 50 per cent, are obtained. 

Lead Bronze Bearing Metals 

An important class of high-duty bearing alloys now employed for 
the bearings of automobile, compression-ignition and aircraft engines 
— ^and to w'hich reference has previously been made — is that kno\vn 
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TABLE 80 

Some Typical BEARma Bronzes 



Nominal Percentage 

1 Average Mechanical 


Composition by \Veight 


Properties 









Description and 
Applications 

Copper 

Tin 

Lead 

Zinc 

Tensile 
Strengt.ii 
Tons per 
sq. in. 

Elonga- 

tion 

per cent 
on 2 in. 

Brinell 

Hard- 

ness 

S5 

15 



14 

2 

100 

Hard wearing bronze suit- 
able for heavy compressive 
loads. Employed tor loco- 
motive slide valves, bear- 








ings for turntables, etc. 

89 

10 



18 

4 

100 

PHOSPHOK BRONZE 


min. 






suitable for heavy loading, 

88 

10 


2 

17 

20 

05 

and very widely employed. 

ADMIRALTY GUN- 
METAL. A bronze for 
general casting purposes, 
especially to resist marine 
corrosion. Suitable for 
bearings when iubrication 
is good. 

80 

10 

10 


15 

15 

05 

LEAD BRONZES possess 








good anti-fViction proper- 
ties combined with plasti- 








city. May bo applied where 
lubrication is doubtful. 

77 

8 

15 


14 

15 

00 

Suitable for use where 








lubrication or alignment is 
still less satisfactory tlian 
for the above. 

85 

5 

5 

5 

13 

10 

55 

An alloy suitable for general 








castings, such as hydraulic 
fittings not requiring high 
strength. Only occasionally 
used for bearings but suit- 








able for bearing shells. 

74 

1-2 

25 


8 

15 

30 

This alloy has high thermal 


max. 






conductivity and is capable 
of carrying higher loads at 
high si>ecds than “white- 
metals,” and is therefore 
used for high-duty aero- 
plane and other engine 
crankshaft bearings, etc. 
Special technique in cast- 
ing is required. 


[Copper Development AssoelationJ 


as the lead bronzes, consisting of high copper content with lead and 
sometimes tin, nickel, zinc or iron. These bronzes may conveniently 
be classified* as follows — 

(а) Binary copper-lead alloys with lead content of 10 to 20, 20 to 
30 and over 30 per cent. 

(б) Similar alloys but with the addition of other elements up to 
about 2 per cent, namely, nickel, tin or iron. * 

(c) Three groups of lead-tin bronzes with 4 to 22 per cent lead and 
6 to 11 per cent tin. 

♦ Ante, page 226, note (upper reference). 
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{d) Complex alloys with lead contents of 10 to 20 per cent and 
20 to 36 per cent, with larger additions of tin, nickel, zinc, manganese 
and other elements. 

The lead bronzes containing 70 to 75 per cent copper and about 30 
to 26 per cent lead with tin up to about 1 J per cent (max.) are used for 
lining steel bearing shells for high-speed petrol and C.I. engines. They 
are not only much harder at all working temperatures than the best 
whitemetals, but have high wear resistance and high thermal con- 
ductivities; the latter property permits the rapid removal of heat 
from the bearings. Another advantageous factor is the low coefficient 
of friction, namely, about 0*002 (lubricated value). 

The bearing pressures that may be employed with this t 3 ^ of 
lead bronze bearing are 'from 20 to 25 per cent higher than for the best 
whitemetals ; for this reason they have been widely used for aircraft 
and high-speed C.I. engines. 

As mentioned previously, the lead bronzes retain a much higher 
proportion of their room temperature strength at elevated temper- 
atures (up to about 200° C.) than the high tin content whitemetals 
previously used. As used for lining bearing shells the thickness of the 
lead bronze is generally about 0*010 tG 0*060 in. ; this thin layer 
obviates the possibility of spreading under load or impact in sciviee. 

Com'parison of Lead Bronze and Whitemetal. An interesting com- 
parison of the bearing values of lead bronze and whitemetal has been 
made and is published in E. and M. No, 1424 of the Aeronautical 
Research Committee. The lead bronze consisted of 70 per cent copper 
and 30 per cent lead and was used as a thin lining to a steel shell. 
When tested in a ring-fatigue machine under a stress range of 19 tons 
per sq. in., the lead bronze lining after 15 million stress reversals 
revealed very little trace of cracking and its adhesion to the steel 
shell appeared to be unaffected by the test. Under similar conditions 
the best whitemetal linings showed distinct cracks after only 100,000 
stress reversals and lost their adhesions almost completely after 15 
million cycles. The coefficients of friction under forced lubrication 
conditions over a range of load of 1000 to 26001b. per sq. in. and a 
rubbing speed of 12 ft. per sec., from 60° to 100° C., were found to be 
practically identical for the two bearing metals, varying from 0*022 
for the lowest load of 1000 lb. per sq. in. to 0*0008 for the higher load 
of 2000 lb. per sq. in. and 100° C. At a load of 2600 lb. per sq. in. with 
Mobiloil B the coefficient was about 0*0009. 

The automobile and aircraft type lead bronzes are emploj’ed with 
alloy steel crankshafts, surface hardened by the electric-induction or 
nitrogen -hardening processes. As these alloys are not so plastic as the 
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whitemetals and therefore are not able to adjust themselves to slight 
dimensional differences in the journals, it is usual to allow greater 
clearances than with tin- base bearings. 

The microatructure of the copper-lead alloys is governed largely 
by the rate of cooling. If cooled too slowly the lead has time to coalesce 
into larger particles while the matrix is in the pasty condition. If, 
however, the cooling is rapid, the lead becomes entrapped in a fine 
network of primary copper; and a much more uniform and finer 
dendritic structure results. Much attention has been given to the 
melting and casting technique and also to the effects of additions of 
small amounts of elements, such as silicon, zirconium and sulphur, 
with the object of preventing segregation of the lead and thus obtaining 
the fine structure which is associated with high fatigue resistance. 

The copper-lead bearing alloys are cast at a much higher temper- 
ature than the whitemetals, namely at about 1 100° C. as compared 
with 300° C. to 450° C. for the latter. It is therefore not jxjssible 
to use tempered steel bearing shells as these would become softened. 
A good grade of mild or low nickel steel is usually employed for the 
bearing shells. After the alloy has solidified it is quenched in order to 
obtain the fine dendritic structure previously mentioned. Centrifugal 
casting methods are also employed with copper-lead bearing alloys. 

The satisfactory bonding of these alloys with steel or gunmetal 
necessitates the preheating of the bearing shells to a temperature of 
1050° C. to 1100° C. when the molten alloy is poured into the bearing 
shell jig and bonding occurs between the alloy and the metal of the 
shell. It is usual to coat the surface of the bearing shell with borax 
by immersion in a bath of the latter, when the film of borax left protects 
the metal against oxidation. 

The bond between the lead bronze and steel shell is well illustrated 
in the photomicrographs reproduced in Figs. 115 and 116,* in which 
the dark constituent is the lead. The dendritic arrangement of the 
copper is clearly seen in Fig. 115. Fig. 116, taken at a higher magni- 
fication, shows that there is a narrow layer close to the steel which 
is practically free from lead. This absence of a brittle layer between 
the lead bronze and the steel is believed to account for the better 
performance of this bearing metal over whitemetal, which has a 
bonding layer of an intermetallic compound — probably one of tin 
and iron. 

There are, however, several alternative methods of securing firm 
bonding of the alloy and bearing shell metal, which form the subjects of 

* “Recent Development^ in Bearing Metals,'* A. J. Murphy, Proc, Inat, of 
Metdla, 1933-4. 
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patents. In one class of bearing the copper-lead alloy is cast on to steel 
strip and the latter after being cut to the required length is rolled to 
cylindrical or semi-cylindrical form to make the complete or half- 
bearing. 

Some Possible Disadvantages, The adhesion of the lead bronze to 
the steel shell is often examined by means of X-ray radiographs of the 
finished bearings in the case of aircraft engines. In this connection 



Fio. 115. Lead Bronze on Steel Fig. 116. Lead Bronze on Steel 
Shell. X 100 Shell, x 300 


lead segregation is an occasional source of trouble. Another trouble 
that is associated with shortage of lubrication supply is that of "'lead 
sweaV' caused by the subsequent rise in temperature melting the lead, 
lead bronzes are generally regarded being more sensitive to poor 
lubrication conditions than the other bearing metals. Moreover, the 
lubricating oil must be kept quite free of grit by careful filtering as 
the lead bronzes are more liable to scoring than the whitemetals and 
they do not possess the same “flow” properties. The free fatty oil 
content of the lubricating oil must be kept quite low in value, 
since lead bronze is kno\\Ti to be liable to corrosion with certain 
lubricants. 

Practical Wear Tests, The high tin-base whitemetals 'previously 
used on Diesel engine vehicles ivere found by A.E.C. Ltd. to have A 
useful life of 10,000 to 16,000 road miles, whereas the lead-bronze 
bearings (centrifugally cast) gave useful mileages of 60,000 to 80,000 ; 
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in some instances engines fitted with such bearings have completed 
130,000 miles of service without showing signs of wear. 

Tri-fabricated Bemings. A more recent development is the employ- 
ment of a three-layer bearing consisting of a steel shell of the normal 
type containing a lining of lead bronze of about 0*03 to 0*04 in. thick, 
on which is a thin lining of whitemetal or tin of about 0-001 to 0-002 in. 
thick. The whitemetal layer has proved an advantage in connection 
with the running-in period of the new bearing and its plasticity allows 
a certain amount of compensation for lack of alignment and slight 
inaccuracies in the initial bearing and shaft clearances. This type of 
bearing will withstand the same bearing pressures and speeds as the 
lead-bronze one, and experience has shown that the whitemetal is not 
worn away. A further advantage is the freedom from corrosion due 
to acid inhibitors in the lubricating oils of high-performance aircraft 
engines or from oil contamination agents whilst in service. 

Aluminium Alloy Bearings 

Aluminium alloys possess certain advantages for bearing purposes 
if employed under correct conditions in regard to journal or shaft 
materials, clearances, etc. 

These alloys have very much better heat conductivities than other 
bearing alloys, namely, about five times that of whitemetals and 
three times that of steel, so that the bearings tend to run much cooler. 
Another advantage is their higher Brinell hardness, e.g. from 45 to 50, 
and the ability to retain this hardness at elevated temperatures to a 
greater degree than the other bearing metals previously considered. 
Moreover, they are not liable to corrosion as with lead bronze and 
cadmium bearing metals. 

An alloy that has been used for bearing purposes is the Hiduminium 
R.R.56 alloy previously mentioned in Chapter III. 

Another alloy is that known as Chromet, consisting of 90 per cent 
aluminium and 10 per cent silicon. 

The R.R.56 alloy was not entirely without certain minor disad- 
vantages, however, so that it has been superseded by another alloy, 
known as A.C.9, produced by the same manufacturers. This alloy has 
the following percentage composition limits : Sn, 5-7-7 -0 ; Ni, 1-5-1-8 ; 
Cu, O-fi-0-9; Mn, 0-7-10; Si, 0-15-0-3; Fe, 0-2-0-45; Al, the 
remainder. 

It has a specific gravity of 2-95 to 3-0, and a coeflBcient of linear 
expansion from 0° C. to 150° C. of 0-0000225. The thermal conductivity 
is 36 e.G.S. units. 

As die-cast the bearings have a Brinell hardness of 45 to 50. They 
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are then heated to 180° C. for about 12 hours, when the hardness 
increases to 60 to 75; this hardness value is maintained with only 
slight diminution up to 160° C. 

It is necessary to harden the shaft journals, either by induction, 
case-hardening or nitriding, when the bearings give entirely satis- 
factory service. 

For softer shafts, down to about 280' Brinell value, the silicon 
content of the alloy in question is increased to 0*4 per cent. The alloy. 



Fig. 117. Alt ■minium-tin Bearing Metals 

after heat-treatment at 180° C. for 12 hours, has a Brinell hardness of 
80 to 85, and is suitable for unhardened shafts. 

In regard to bearing clearances these vary from 0 0012 to 0 00135 in. 
per inch diameter of shaft in the case of main bearings and 0*001 to 
0*0013 in. per inch diameter for big-end connecting rod bearings. 

The aluminium-tin bearing alloy A.C.9 has been used for the big- 
end bearings of Rolls Royce and also those of Bentley automobile 
engines, with entirely satisfactory^ results. 

For the main bearings an aluminium-tin alloy having the following 
I)ercentage composition limits has been used : Sn, 4*6~5*0 ; Ni, 1 *6-2*0 ; 
Mn, 0*7-0*9; Sb, 0*4-0*8; Si, 0*46-0*6; Mg, 0*35-0*5; the rest, 
aluminium. 

The properties of some of the more recent bearing alloys used in 
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Properties of Beabikg Alloys 
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Suitable as a replacement material for phosphor bronze in small bearings. 
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aircraft and automobile engines are given in Table 81,* whilst the 
hardnesses at temperatures up to 200° C. are shown in Fig. 117. The 
aluminium-tin alloys are here shown generally to be superior to the 
other bearing metals, both in regard to their hardnesses at various 
temperatures and in strength properties; moreover, they are only 
about one-third of the weights of most of the other alloys. 

Aluminium alloy bearings are being used in the United States 
where it has been found that the alloys employed have a higher fatigue 
resistance than the best lined steel shell bearings, a high resistance to 
corrosion by breakdown products of the lubrication oil, and give a 
cheaper construction of the bearing since only the single metal is used. 
It is also claimed that these alloys have a sufficiently low coefficient 
of friction. The bearing must be properly cast and the correct alloy 
used, with a minimum thickness of 0*09 in. For the main and big-end 
bearings permanent mould castings are used, whilst rolled sheet is 
employed for the camshaft bearings. 

Cadmium Bearing Metals 

Cadmium is a soft metal resembling tin in its mechanical pro- 
perties, and it has been shown to be suitable as a base-metal for bearing 
alloys. Copper and cadmium form a eutectic with 1*2 per ^ent copper, 
having a melting point of 321° C. ; its constituents are a copper-cad- 
mium compound CuCdg and cadmium with a little copper in solid 
solution. 

An alloy having 3*1 per cent copper with the addition of 0*2 per 
cent magnesium to prevent oxidation and give a silver-white appear- 
ance has been foundf to have advantages over tin- base whitemetals 
in regard to its ability to withstand heavier bearing pressures and 
higher working temperatures. It has, in addition, superior wear and 
distortion resistance. The alloy in question had a Brinell hardness of 
48, compressive and tensile strengths of 27 and 10 tons per sq. in. 
respectively, and a freezing range 60° to 80° C. above that of ordinary 
tin-base bearing alloys, i.e. 378° C. to 315° C. as compared mth 320° C. to 
243° C. It has a similar frictional coefficient to tin-base whitemetals. 
On the other hand, this cadmium-copper alloy was inferior in regard 
to ductility as indicated by its percentage elongation of 3- 1 compared 
with 12*5 for a strong tin-base alloy. It also has a greater shrinkage 
than the latter metal, so that special precautions must be taken to 

* “High Output Aircraft Engines,” E. W. Hives and F. L. Smith, S.A.E 
Journ., March, 1940. 

t “Cadmium -base Bearing Metals,” A. S. Gill, Metal Industry, 14th June, 
1936. 
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ensure efifective bonding with the bearing shell ; otherwise it is liable 
to crack and loosen in its shell. 

The load-carrying capacity and ductility of the alloy mentioned 
has been improved by reducing the copper content and increasing that 
of the magnesium. An improved bearing metal of this class has the 
following percentage composition: cadmium, 97*6; copper, 1-5; 
magnesium, 1*0. 

The physical and mechanical properties of this alloy as well as 
those of a high grade tin-base whitemetal used for comparison purposes 
are given in Table 82. 

TABLE 82 


Properties of CAorauM-BASE and Tin-base Bearing Alloys 


! 

Cadmi um-base 

Tin-base 

Compressive strength (tons per sq. in.) . 

S4-6 

10-7 

Tensile strength (tons per sq. in.) . 

11*9 

5-5 

Elongation, per cent .... 

110 

12-5 

Brinell hardness (500 kg. load: 7*5 mm. 
ball) ...... 

57 

23 

Relative degree of bending before fracture 

100 

167 

Relative loading to produce fracture by 
bending ...... 

100 

t 

56 

Relative rate of wear in a bearing . 

100 

258 

Specific gravity ..... 

8-4 

7-4 

Freezing range ..... 

:138°--315'’ C. 

285^-247'= 0. 

Shrinkage relative to steel (mils per 1 in. 
diameter) 

9-5 

6-3 


Although the alloy whose properties are shown in Table 82 has 
about 30 per cent greater shrinkage than the whitemetal, it has been 
found possible to obtain a satisfactory bond with steel and bronze 
bearing shells by tinning the surfaces of these with a cadmium-zino 
solder, namely, the eutectic alloy of 82 per cent cadmium and 18 per 
cent zinc, which melts at 270"" C. ; other cadmium-zinc alloys with 
7 to 60 per cent zinc also give satisfactory results, but the eutectic 
mentioned was slightly superior. The shearing strength of this bonding 
alloy for the cadmium-copper bearing metal and steel shell is about 
7 tons per sq. in. 

In regard to the frictional coefficients, for the bearing alloy mentioned 
in Table 82, these were 0*0018, 0*0012 and 0*0009 at 60° C., 80® C. and 
100° C. for a bearing load of 2600 lb. per sq. in. Whilst the twt) former 
values are the same as for tin-base whitemetals, at 100° C. the rx^efficient 
is only one-half that of the whitemetals. 
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The results of abrasion tests indicate that the rate of wear of the 
cadmium-base hearing metal is only about 40 per cent of that of a high- 
grade tin-base whitemetal. 


Cadmium-silver Bearing Alloys 


Alloys consisting for the most part of cadmium with small amounts 
of copper and silver have been found to be satisfactory for bearings 
subjected to relatively high Viearing pressures and speeds ; they have 
been employed in the United States in recent times. 

A typical alloy contains 97-6 per cent cadmium, 1-9 per cent copper 
and 0-5 per cent silver. Tn some instances the copper is replaced by 



about per cent of nickel. The small amount of silver improves the 
casting ({uality and refines the grain ; the hardness of the cadmium 
is also increased. 

These alloys have a Brinell hardness of 35 to 38 at 20° C. and 
5-5 to 0 at 200° C. Although the Brinell hardness is much lower at 
elevated temperatures than that of the le^ul bronzes, it is from 2 to 3 
times greater at 100° C. to 200° C. than the best high-tin whitemetals. 

Cadmium-silver bearings are being used for bearing loads of 2000 lb. 
t)er sq. in. and pressure-velocity values of 65,000 to 70,000. 

In certain two-cycle Diesel engines* bearing pressures as high as 
3,300 lb. per sq. in. have been employed with cadmium-silver bearings 
whereas when the best Babbitt metals were used, the bearings failed 
after relatively short periods with loadings of 1600 lb. per sq. in. 
Other tests made in the instance of an automobile engine which 
normally ran at exceptionally high temperatures showed that the 
♦ The Machinist, 12th June. 1937. 
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cadmium-silver bearings lasted from 10 to 15 times as long as the 
Babbitt ones. 

As compared with tin-base whitemetals cadmium-silver alloys have 
greater load-carrying capacity, higher melting points, namely, about 
70° C. higher, lower coefficient of friction and greater strength and 
hardness at elevated temperatures. It is necessary, however, for the 
steel shafts with which this alloy is used to have a hardness of at 



Fro. 120. Cadmitm-nickel Bearing Alloy, x 150 


feast 250 Brinell. In regard to bearing clearances cadmium-silver 
alloys employ the same values as for high -tin w^hitemetals. These 
alloys are used with steel shells as in the case of whitemetals and 
accurate fitting of the shells in their housings, preferably with ground 
finish, is essential. They are cheaper to manufacture than lead-bronze 
bearing alloys and require less bearing clearance than for the latter. 
The corrosion resistance of cadmium-silver alloys is supiTior to that 
of lead bronze. 

Cadmium-nickel Bearing Alloys 

Cadmium-nickel alloy bearings containing 1-3 per cent of nickel 
and the rest cadmium have been used in the United States for high- 
duty purposes under the name of Asarcoloy^ Fig. 120* is a photo- 
micrograph of this alloy and shows that the structure (comprises angular 


* Bureau of Information on NickeJ. 
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crystallites uniformly dispersed throughout the mass of the metal. 
These crystallites consist of a hard intermetallic compound of cadmium 
and nickel, the matrix being substantially a eutectic of cadmium and 
this same compound. 

The densities of the hard particles and the matrix are almost 
identical and there is therefore no tendency for the constituents to 
segregate during casting, such as is sometimes experienced in the white- 
metals. The photomicrograph brings out well the absence of this 
segregation and the evenness of the structure. The latter, it will be 
seen, is of the type recognized as necessary in a bearing metal, viz. 
hard particles embedded in a soft matrix. The soft matrix gives a 
degree of self-alignment, thus enabling the bearing to adapt itself to 
irregularities, and the hard particles are sufficiently hard to give good 
wear resistance without scoring the shaft; at the same time, they 
stand out in relief from the matrix, thereby producing channels through 
which the oil can freely run over the surface of the bearing. 

The alloy in question has a coefficient of friction varying from 0*0024 
at 60® C. under lighter loadings to 0*0000 at 100® C. for heavier loadings. 

The compression strength of the cadmium-nickel alloy is indicated 
by the results of tests on cylinders of J sq. in. cross-sectional area vnd 
I in. long which required a stress value of 12 tons per sq. m. to compress 
them to one-half their length as compared with 7 tons per sq, in. for 
high-grade Babbitt specimens of the same dimensions. 

The melting point is 310° C. as compared with 230® C. for a com- 
parable high-grade tin-base whitemetal. 

The tensile strengths at 28® C., 100® C. and 200® C. of the alloy were 
7*2, 6*8 and 1*47 tons pc^r sq. in. resjiectively, whereas for high-grade 
Babbitt the values at these temperatures were 4*5, 5*6 and 0*8 tons 
per sq. in. respectively. 

The Brinell hardnesses at these temperatures for the cadmium- 
nickel alloy were 32*5, 17*5 and 7*5; and for the Babbitt, 23*5, 10*5 
and 3*5 respectively. 

The steel bearing shell after thorough cleaning and pickling in 
hydrochloric acid and then in zinc chloride is tinned to ensure good 
adhesion of the cast-oii bearing alloy. The bonding metal bath is 
kept at 450® C. and the shell immersed in this immediately after 
drying; this ensures correct tinning. The cadmium-nickel alloy is 
poured at 380® C. to 400® C. into the bearing shell jig. The bond thus 
obtained is exceedingly strong and will withstand severe engine 
operating conditions without loss of adhesion. Tests made on the 
bond strength showed that the shear stress was 3*95 tons per sq. in. 
as compared with 2*6 tons per sq. in. for Babbitt. 
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Cadmium-nickel alloy has been used successfully in the United 
States for some time for big-end connecting rod bearings of automobile 
engines. Fig. 121 illustrates a cadnflium-nickel bearing after exacting 
tests made in an automobile engine over a very long period; other 
alloy bearing metals tested over a similar period failed by flaking. 

Beryllium-copper Bearing Alloy 

An alloy of copper with 2*25 per cent of beryllium has been used 
as a hard bearing metal in place of bronze, and it has shown about 



Fio. 121. Nickel-cadmium Allov Bearing in Good Condition 
AFTER Severe Breakdown Test 


five times the wear resistance of the latter alloy under similar condi- 
tions of use, namely, with steel shafts. It appears to have a film- 
forming and self-lubricating property, although it has been shown 
that high rubbing speeds combined with heavy bearing pressures can 
cause seizure between this alloy and its steel shaft. In dry rubbing 
tests under a load of 10 lb. per sq. in. against a flat steel rotating disc, 
beryllium- copper specimens glazed quickly and wore evenly, whilst 
bronze specimens under identical conditions wore more rapidly and 
less evenly. 

The 2-25 per cent beryllium-copper alloy in the soft condition has 
a tensile strength of 35 tons per sq. in. with 45 per cent elongation. 
When heat-treated to the fullest extent the tensile strength is increased 
to 90 tons per sq. in. with 2 per cent elongation. 

^Monel Metal Shaft Bearings 

The problem of the most suitable material to use as a bearing for 
Monel metal is a question of the material that will most satisfactorily 
meet the service conditions entailed. 
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The whitemetal groups of bearing alloys are accepted as being 
suitable for medium speeds and loads, or high-speed and low-load 
service. It has been found that a Monel metal journal runs as well in 
any typical tin or lead-base Babbitt-lined bearing as does a steel 
journal. 

As the load increases, harder alloys than the whitemetals are 
required and recourse is made to the use of bronzes of various kinds. 
Provided oil lubrication is amj)le, no trouble should be experienced 
when employing Monel metal shafts. If, however, lubrication is known 
to be poor, the high lead bearing bronzes containing from 15 per cent 
to 25 per cent lead with under 10 per cent tin are to be recommended. 
This latter type of alloy can actually be employed for Monel metal 
with water lubrication. 

In connection with the recently developed self-lubricating bearing 
alloys and laminated plastic materials, there is no reason to believe 
they should not be suitable for Monel metal. 

Rubber bearings have proved very successful for Monel metal shafts 
for underwater applications, such as stem tubes and outboard brackets 
on motor boats, and it is also interesting to note that a synthetic 
rubber bearing material, now available, is suitable for use with oil 
instead of water. 

Moulded Metallic Powder Bearings 

A more recent application of powder metallurgy consists in the 
moulding under pressure of bearings from mixtures of metallic powders, 
such as copper and tin, with or without the addition of graphite 
powder. Bearings can thus be produced for medium loads and low 
speeds with good mechanical properties, and relatively cheaply, to 
moulded dimensions within 0 001 in. of required size. Usually the 
bearing portion is finished to size by reaming or drifting. 

A typical mixture consists of 90 per cent sharp-grained powdered 
copper and 10 per cent powdered tin. The mixture is moulded in 
self-ejecting presses under pressures up to about 20 tons per sq. in. 
and the moulded product is afterwards sintered, i.e. furnace heated in 
a reducing atmosphere at about 700® C., followed by quenching in 
lubricating oil. The density of the moulded material is jfrom 70 per 
cent upwards of the equivalent solid density. The bearings can thus 
be made slightly porous to hold lubricating oil, and are therefore 
claimed to be “self-lubricating.*' Further, any oil touching the bearing 
surface is readily absorbed, oil grooves or holes being unnecessary. 

The Oompo H bush* is made from pure metallic powders, 
♦ British Boiind Brook Bearing Co. 
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die-pressed to shape within the limits of ^ 0-0006 in. diameter ; other 
dimensions are held within ± 0-001 in. 

A typical percentage composition is as follows: copper, 88-0; 
tin, 9-7; graphite, 1-4; other material, 0-9. The crushing stress is 
about 30 tons per sq. in. and specific gravity 5*8 to 6-5. The recom- 
mended maximum bearing load is 2000 lb. per sq. in. 

Typical applications include bearings for small electric motors, 
vacuum cleaners, dynamos, fan spindles, rocker arms, gramophone 



Fio. 122. Examples of Self-lubricating Bearings 
(Copper Development Aeeociatim) 

hiotors, domestic machines, clocks, compressors, electric drills, switch- 
gear, aircraft lever bearing8,N motor car shock absorbers, etc. 

Moulded bush-type bearings of this class should be inserted into 
their housings with a supporting mandrel in order to preserve accurately 
the size and condition of the bearing, thus obviating any further 
machining or fimshing. The standard housing fits for bushes are 
given in a Specification issued on the Institution of Automobile 
Engineers’ Data Sheet No. 186. 

Fig. 123 illustrates the method of inserting the bush in its housing. 
The insertion plug is made a tight fit in the bush, and its diameter 
is made slightly greater than the bore of the bush itself. 

Lead brcmze bearings can be made from the powdered metals in a 
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somewhat similar manner, although several difficulties have been 
experienced in obtaining proper diffusion of the lead throughout the 
copper and the avoidance of segregation effects. The most successful 
method as yet appears to be that in which the lead powder particles 
are first coated electrolytically with copper and the mixture of this 
coated powder and copjjer powder is then pressed into a sheet and 
sintered in a hydrogen atmosphere at 900° 0. for 20-35 per cent lead 

and 760° C. for 45-55 i)er cent lead. This j ■■■■■■ ■ 

lead-bronze product will bond well with 

copper and bronze shells, but in the case of I 

steel it is necessary first to tin-coat the vj u ly 

latter. 


^HOUSING 


Beanngs of Powdered Nickel Alloy insertinc 

PLUG 

A method of making automobile engine 

bearings of the steel shell-backed type de- H p 

veloped by General Motors Co., U.S.A., pi — «!« 

employs nickel and copper powders. lij COMPO 

In order to secure a perfect bond be- *j il 

tween the Babbitt and steel a powdered j — CHAMFER 

metal matrix consisting of copper and ^ 
nickel powders is used. V/77^ 

Both tin-base and lead-base Babbitts y//// ^HOUSING 

have low resistance to fatigue. Experience V///A V//// A 

shows that cracking and actual breaking Fig. I23. Method op Tx- 
out of the bearing surface is more likely sertixg Moulded Metallic 
to occur if the Babbitt layer is thick. Bushes 

Thin layers are, however, difficult to use 

unless the bonding is very secure. The new process utilizes the tech- 
nique of powder metallurgy to sinter and braze to the steel back a 
matrix composed of a mixtme of 60 per cent copper and 40 per cent 
nickel powder. The porous structure produced in this way gives secure 
support to the Babbitt, both chemically and by mechanical interlock- 
ing. It is thus possible to utilize a layer of Babbitt only 0 002 in. 
thick, which is completely free from any fatigue effects. In the 
manufacturing process strips of steel pass through the various operat- 
ing machines in turn, the process thus being continuous. 

Prom the Babbitting machine the strip goes to a rolling machine 
fitted with pinch rolls to impress a positive tension on the strip. 
Sufficient Babbitt is removed to give the required total thickness 
from the underside of the steel back to the top of the bearing surface. 
The final stage is a stamping and blanking press which cuts the strip 
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into blanks of the right size for the subsequent forming of the half 
shells. 

Graphite Bearing Metals 

A type of bearing metal sometimes known as spongy bearing bronze 
has resulted from investigations into the effects of graphite upon 
certain alloys. These metals contain graphite uniformly distributed 



.4 B c 


Fig. 124 . The Cleveland Graphite HrsiiiNtj 

A = Plate after passing through the dies. 

B ~ After second operation through the flat rollers. 

C ^ 'fhe finished bushing. 

throughout their composition, and when used for bearings they are 
therefore self-lubricating. 

Such bearings are applicable to non -accessible slow-running 
machinery, both marine and stationary. 

Two well-known graphite bearing metals are Genalite* and Durex.t 
GenaUie has the following composition: copper, 70*18; tin, 13*72; 
lead, 9 00 ; iron, 0*22 ; phosphorus ,0*055 ; graphite (C), 5*35 ; and 
zinc, 1*475 per cent. 

It has a Brinell hardness of 21*6. 

Durex is made in two grades for lighter and heavier duties respec- 
tively. Both are copper-tin alloys containing graphite. 

The former alloy has the following composition: copper, 83*2; 
tin, 10*0 ; graphite (C), 4-4 to 4*7 *, impurities, 0*60 per cent. 

It has a specific gravity of 5*4. The Brinell hardness is 30 to 40. 
The modulus of elasticity is 2,500,000 lb. per sq. in. It has a volumetric 
oil absorption of 25 per cent, and a linear expansion of 0*00094 in. 
per inch per 100° F. (38° C.). 

This alloy is used for porous bearings and, as stated, it possesses 

♦ Manufactured by General Electric Co., Schonactady, U.S.A. 
t Manufactured by General Motors Research Co,, Dayton, Ohio. 
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oil absorbing properties. It is used for certain automobile chassis 
bearings and for gun bearings. It is porous to the extent of 15 per 
cent oil absorption by volume. 

Another interesting form of graphite-bronze bearing is that mar- 
keted under the name Cleveland Graphite Bushings (Fig. 124). The 
bushes are made, by a special rolling process, from flat bronze plates. 
The plate blanks are passed through dies and indentations rolled into 
them, after which they are passed through flat rollers, the high spots 



Frcj. 125. Knlai{GK1) Skc^tion of In dentation showing 
L o<!KiN(i Recess fok (Jhaphite .Lerkicant 


formed by the indentations being rolled over and forming dovetailed 
shaped recesses. Hot graphite is then rolled, under pressure, into these 
recesses, after which the plate is rolled into its circular bush form to an 
accuracy within the limits of two-thousandths of an inch. The forming 
of the circular bush from the flat plate still further increases the dove- 
tailed form of the indentations, locking the graphite securely in. The 
graphite-filled indentations of the Cleveland (dovetailed) bushing form 
a large percentage of the total bearing surface of the bush, and the 
process of manufacture makes [lossible bushes with walls of practically 
any thickness. These bushings with very thin walls are specially suit- 
able for fixing to parts such as bearings in concentric rocking shafts, 
brake compensating shafts, pedal and rocker shafts, controls, etc. 

The British Bound Brook oil-less l)earing, shovm in Fig. 126, 
consists of a high-grade bronze casting in the interior of which grooves 
are cast. Before final machining is carried out the graphite compound, 
indicated by the black lines, is forced into the grooves under hydraulic 
pressure and the whole bearing is then subjected to heat-treatment; 
afterwards the bearing is machined to size. This type of bush is 
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employed for reasonably slow revolving shafts or for intermittent 
service fast moving shafts. Such bearings have been used for auto- 
mobile starting motors, steering columns, clutch spigots, brake rocking 
shafts, tackle -blocks, cranes and hoists. 

Notes on Oil-impregnated Bearings 

The porous bronze bearings, such as Oilite and Bound Brook, retain 
about 30 to 40 per cent of their volume of lubricating oiJ, but they 

may be re-impregnated by heating to a 
temperature of 110° C. to 120° C. in a 
bath of lubricating oil of suitable vis- 
cosity, namely, 1500 secs. Redwood at 
70° F. 

The bearings should be left about 
0*002 to 0*003 in. undersize so that after 
being pressed into their housings they 
can be brought to final size by means 
of a polished arbor forced through them 
or with a broach. The bearings can be 
made a press fit in most die -castings or 
can be cast in place where pressure die- 
castings are employed ; the un-impreg- 
nated bearings are used in such applications. 

For speeds of 500 to lOOOr.p.m. the bearing pressures for a 1-in. 
diameter hole bush are 125 lb. per sq. in., falling to about 60 lb. per 
sq. in. for a speed of 4000 r.p.m. For intermittent oscillation purposes 
bearing pressures up to 3000 lb. |)er sq. in. are permissible. The smaller 
sizes of bush will withstand higher bearing pressures than the larger 
ones. Thus at 2000 r.p.m. the 0*5 in. bush will operate with 1101b. 
per sq. in. and the 2*0 in. one with 50 lb. per sq. in. 

Laminated Bronze-steel Bearing 

A more recent type of bearing, known as “pre-cast bearing bronze 
on steel,” consists of a bronze alloy containing 80 per cent copper, 
10 per cent tin and 10 per cent lead. The alloy is cast in bar form and 
the centre of each bar is drilled out. The borings obtained are reduced 
to powder, treated in a hydrogen furnace to get rid of any oxides, and 
then firmly bonded to strip steel. The resultant product is stated to be 
much stronger and more resistant to impact effects than ordinary 
cast bronze and to have a lower coefficient of friction. The bearing 
can also be made as a graphite-impregnated one by mixing graphite 
powder with the bronze powder before the bonding operation. This 



Fig. 126. Beatung Bush with 
Graphite Insertions 
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bearing material is available as finished bearings, washers, strips or 
rolls up to 400 ft. in length. 

Bakelite and Plastic Material Bearings 

Resin-bonded fabric materials of the phenol -formaldehyde kind 
have been used with satisfactory results for bearings employed under 
certain conditions, more especially those for heavily loaded purposes 
such as for rolling-mills, propeller shafts, paper machinery, underwater 
bearing-8 and pumps handling various kinds of liquids, including most 
acids and iriild alkalis. 

The impregnated laminated fabric material, such as Bakelite 
Laminated, is employed for such bearings and the resultant product 
has been shown to possess strength, density, smooth bearing surface 
and high load-carrying capacity, without any scoring tendency. 

The most satisfactory lubricant appears to be water mixed with a 
water-soluble oil, free from acid or alkali; the water serves to carry 
away the friction heat since the laminated material is a poor conductor 
of heat. Water alone can also be used, but the bearing loads allowable 
must then be reduced. Thus, with the soluble oil lubricant bearing 
pressures of 4000 to 5000 lb. per sq. in. can be used, whilst for water 
alone the pressures should not exceed about 2000 lb. per sq. in. 

Physical Properties. The phenol-formaldehyde bonded woven 
cotton cloth laminated material ftsed for bearings is non-hygroscopic, 
hard and unaffected by dilute solutions of most acids and alkalis. It 
has a specific gravity of about 1-35 and a tensile strength across the 
face in two directions of between 4 and 5 tons per sq. in.,* and across 
the laminations of 2 tons per sq. in. The shear stress through the 
laminations is from 4 to 5 tons per sq. in. The compressive stress at 
right angles to the laminations is about 18 tons per one inch cube. The 
Brinell hardness, using a load of 125 kgm. on a 5 mm. ball, is between 
33 and 37. 

The coefficient of thermal expansion through the laminations is 
0-00006 to 0*0008 per °C. ; along the laminations it is about 0 00004. 

The coefficient of friction using water lubrication is about 0*004 
for bearing pressures of 1000 to 4000 lb. per sq. in. and rubbing speeds 
of 500 ft. to 3500 ft. per min. 

Bearing Pressures. The bearing material can be given a high degree 
of surface finish and if used with polished journals can be used in 
different designs for light loads up to 500 lb. per sq. in., mediuti loads 
from 600 to 1600 lb. per sq. in., and extra heavy loads of 4000 lb. per 
sq. in. and above. 

* Certain grades give tensile strengths up to about 15 tons per sq. in. 
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In regard to the rubbing speeds, the following values have been 
given* for water lubricated bearings corresponding to the previously 
mentioned groups of bearing pressures : Light loads, 100 ft. to 4000 ft. 
per min.; medium loads, 150ft. to 3000ft. per min.; heavy loads, 
260 ft. to 2500 ft. per min. Extra heavy loads are usually associated 
with low rubbing speeds and with grease or oil lubricants ; alternatively 


End Plates A Bearing Strips 
0 / Bake/ite Laminated Material 



Fig. 127. Heavy-load Bakelite Laminated Bearing Construction 


soluble oil and water can be employed in instances where the loads are 
not excessive. 

Advantages and Disadvantages. The advantages claimed for 
laminated material for bearings are summarized as follows: (1) 
Lightness of the bearings and easy handling; (2) smooth bearing 
surface ; (3) good load-carrying capacity ; (4) high impact-resistance ; 
(5) good strength properties; (6) easily lubricated by most media; 
(7) non-scoring properties; (8) low coefficient of friction; (9) low 
modulus of elasticity; (10) hard wearing qualities; (11) reduced 
maintenance costs in service; (12) reduced lubrication costs; 
(13) much quieter operation. 

The disadvantages are as follows : (I) Poor heat conductivity, thus 
necessitating greater quantity of lubricant to carry off surplus heat ; 
(2) low temperature range of operation; (3) limited applications in 

* “Synthetic Materials for Mill Bearings,” C. D. Phillippe, The Engineer, 
2ad February, 1940. 
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practice; (4) greater initial cost; (5) when finished with, no scrap 
value. 

Typical Applications. Bakelite laminated and similar plastic 
bearing materials have been widely used for rolling mill bearings ; in 
Gtermany about 80 per cent of the rolling mills have this type of bearing. 

The cages of ball bearings are frequently made of plastic material. 
Fig. 127 illustrates a typical Bakelite bearing and shows the metal 



Fig. 128. A Onk-pieoe Bakelite Laminated Half-bearing 

housing with deep grooves running parallel with the axis of shaft. 
In these grooves strips of laminated Bakelite are fitted, the built-up 
bearing being afterwards machined to size. End plates are provided to 
prevent excessive leakage of the lubricant and also to take any end 
thrust. The lubricant is fed into the bearing through the drilled passage 
shown in Fig. 127, and it leaves by a similar one on the opposite side. 

In regard to this design of bearing it is claimed that the power 
consumption is appreciably less than for metal bearings employed for 
the applications previously mentioned, whilst in many cases the 
bearings have had up to ten times the life of the metal ones for which 
they have been substituted. Experiments have been made with smaller 
synthetic resin bearings with a metallic filler, but these w^ere found 
to be little better than the plain resin material due to lack of bonding 
of the resin and metal. The use of shredded fabric in place of metallic 
particles has given better results, but in order to obtain the desired 
strength the woven fabric material should be wound on a mandrel of 
the proper size before impregnating with the synthetic resin. Such 
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bearings have been found suitable for light loadings and moderate 
speeds, but are not likely to rival the whitemetals and other modem 
bearing alloys. 


Robber Bearings 

Moulded rubber of special composition, enclosed in a metal housing, 
is now used for certain classes of bearings, namely, water-lubricated 





A B 

Fig. 129. Typical Rubber Bearing for Underwater Use 
A — End Hcctloii. B — Perspective vl<*w. 



bearings for marine and similar purposes. A tough resilient rubber 
compound is employed for the purpose and the bearing (Fig. 129) is 
designed so as to form a series of longitudinal concave strips with 
grooves between. This type hius been used with satisfactory results 
for stem and A-bracket bearings for ships’ propeller shafts, for centri- 
fugal pumps, dredging machine bearings, deep well pumps, raining, 
sand and gravel plant. The net coefficient of friction of the rubber 
used is 0-010 to 0-006. High rubbing speeds with medium pressures 
are permissible. 

The rubber is vulcanized on to the metal and an adhesional strength 
as high as 600 lb. per sq. in. is obtained. The bearings are moulded 
to size, with suitable allowances for rubber shrinkage so that no sub- 
sequent machining is necessary ; the shrinkage allowance is to in. 
per foot. An alternative to the longitudinally-fluted type of bearing 
is one with a spiral groove. 


CHAraER VIII 

DIE-CASTINGS 

In view of the importance of the die-casting process from the point of 
view of many of the non-ferrous metals and alloys described in this 
work, it is proposed to give a brief outline of the methods and the 
die-casting alloys employed. 

The term ^'die-casting*' applied to the casting of metals under 
pressure in metal moulds is known as pressure die-casting, but is also 
frequently used for castings made in metal moulds, where the molten 
metal flows by gravity only into the moulds ; the more correct term 
in the latter case is "gravity die-casting," 

Die-casting is employed where a large number of similar castings 
are required ; in the ordinary way it does not pay to make the metal 
moulds for a number of die-castings smaller than, say, 500 to 1000. 
For smaller numbers of large die-castings the mould ma}^ however, 
be relatively less expensive than for a greater number of small die- 
castings. 

Die-castings possess the following advantages over sand-castings — 

1. They are much more accurate. In the case of pressure die- 
castings they can be made sufficiently accurate for most purposes so 
that machining costs can be saved. 

2. They can be produced more quickly than sand-castings, so that 
production can be speeded-up. 

3. Inserts, studs, bushes, and similar objects in different metals 
can be cast in position. 

4. Holes can be left during the existing process to a high degree of 
accuracy, thus obviating drilling. In a similar manner threads can 
usually be cast with sufficient accuracy in the case of outside-threaded 
parts. 

5. The general finish of die-castings is such that, generally speaking, 
no further work is required on the castings ; they may, however, be 
plated, polished, or painted for certain purposes. 

It should be pointed out that with gravity die-castings the accuracy 
is not so great, and machining is usually necessary. The drawbacks 
of the die-casting method may be enumerated, briefly, as follow's — 

I. The process only pays where the number of castings required 
runs into some thousands, on account of the cost of the dies and of 
the machine charges. 


205 
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2. It has hitherto been limited to a few groups of metals of relatively 
low tensile strengths — usually about 8 to 10 tons per sq. in. (maximum). 

On the other hand, recent advances with aluminium alloys have 
shown it possible to die- cast certain alloys of much greater strength 
than the tin-zinc and lead-base alloys usually employed. As an 
example, the case of die-cdst petrol engine pistons may be mentioned ; 
it is now possible to produce die-cast pistons in high-strength aluminium 
(such as the R.R. class) and magnesium alloys (e.g. Elektron). More 
recently yellow brasses and aluminium bronzes have been successfully 
employed for die- castings. 

Die-casting can be done with automatic machines, so that a 
relatively large number, e.g. 300 per hour in the case of small castings, 
can be produced in a shorter period than with sand-castings. 

It is necessary to produce a larger number of castings in order 
to employ automatic machines economically than in the case of hand- 
operated machines ; thus it is seldom economipal to produce less than 
10,000, say, with an automatic machine, whereas from 800 to 1000 
may prove a profitable proposition with a hand-operated machine. 

Perhaps the most important feature of die-casting is its ability to 
make complicated shapes of casting with thick and thin walls or 
webs, without the attendant difficulties with sand- castings. Thus 
walls, webs, or partitions can be die-cast to thictoesses down to in., 
and even less ; with tin and lead alloys thicjknesses down to in. 
can be obtained. It is also a fiiirly straightforward matter to die -cast 
small gearwheels, bevel pinions, racks, worms, and worm-wheels which 
will mesh with one another with sufficient accuracy for most purposes. 
Such gears are widely used for instruments and apparatus where they 
experience light pressures and intermittent use for short periods. 

The fact that it is possible to cast “inserts ’’ of other stronger metals 
into castings of weaker metals is an advantage from the point of view 
of wearing parts, e.g. friction surfaces, studs, screw-threads, and 
bearings ; in such cases a good deal of the expense due to machining 
and pressing is avoided. One drawback of die-castings in the inferior 
strength metals and their alloys is that, apjirt from low tensile strengths 
these metals or alloys have relatively low melting points. Thus, the 
tin-base alloys have melting points of 230° C. to 300° C. On the other 
hand the newer zinc-base die-casting alloys such as “Mazak” have 
melting points of about 400° C. 

The aluminium die-casting alloys are cast at about 700° C. The 
highest melting point alloys hitherto used for die-castings are brasses 
and aluminium bronzes, the pouring temperatures for which are about 
1000° C. to 1100° C. 
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Some typical examples of die-cast parts are illustrated in Figs. 
130, 131, and 132; most of these have been made in aluminium, brass, 
and zinc-base alloys. These alloys are now very widely employed 



Fig. 130 . Some Typical Examples of Zinc-base and 
Yellow Brass Die-castings 


for die-cast bearings, parts of instruments, automatic machines, 
meters, cash-registers, telephone and electrical apparatus, and wireless 
fittings. 

It can be stated that, but for the relative cheapness of the die- 
casting methods, the majority of the items previously mentioned would 
cost appreciably more. 





{Messrs. J. Stone, Ltd.) 
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Accuracy of Die-castings 

In. tin- and lead-base alloys a high degree of accuracy can be 
obtained, viz. approximately 0*001 in. per linear inch. On small parts 
this refinement is exceeded, variations of dimensions being of the 
nature of 0*0002 in. For zinc alloys 0*002 in. and aluminium alloys 
0*004 in. per linear inch are more usual figures. With the higher 
temperatures required for the copper-base alloys, brasses, and alu- 
minium bronzes, a high tolerance must be allowed, as the dies wear 
at a greater rate. 

A draft or slight taper is necessary in order to allow the finished 
casting to be ejected from the die. This varies from 0*0005 in. per 
inch, in tin-base alloys, to 0*010 in. per inch in aluminium and other 
high melting point alloys. 

Pressure Die-casting 

The principle of the apparatus used is simple, and can be described 
as follows : Imagine an ordinary teapot filled with molten metal. To 
the spout of the pot is fixed the die, and into the top, in place of the 
lid, a metal plunger is introduced. Sharp application of pressure on 
the top of the plunger will force the metal up through the spout into 
the die, which is capable of opening readily for the release of the 
casting thus produced, A small hand-operated machine, patented in 
1872, worked exactly on the lines described, and, although modem 
machines on the plunger lines are, of course, much more complicated, 
the principle is the same. 

The pressures employed range from 100 to 6000 lb. per sq. in., 
depending upon the nature of the alloy and the type and size of 
casting to be produced. 

The general equipment of the modern die-casting machine includes 
several melting pots, generally gas or oil-heated, usually of cast iron, 
which are placed close to the machine so that the molten metal can 
easily be poured. The actual casting machine has also a reservoir, 
containing metal, which is kept hot by gas burners, enclosed in a fire- 
brick lined chamber. The plunger is operated by means of a long lever, 
and the pump with the plunger is attached to the reservoir. A plate 
which swings on a hinge is brought into contact with the spout, and 
fastened into position with clips. The mould or die is also fastened to 
this plate, and consists of at least two parts which are held together 
with a toggle joint which admits of quick release, thus parting the 
mould after the metal has been poured. The parts of the mould are 
kept in register by means of dowels. A rack and screw mechanism is 
used for removing the cores. Internal threads are produced by screwed 
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Fig. 132 . Some Fcjrthek Examples of Die-castings in 
Various Metals 

A k larife casting weighing 4 1b. G Intricate taximeter housing. 

B « Toothed wheel castings. D » A machine bracket. 
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cores, and external threads by screwed collars. Vents are placed 
judiciously at intervals to enable the air expelled by the incoming 
in^tal to get away, and the success of any particular casting often 
depends upon the skill used in venting the die. The vents are usually 
thin, flat apertures, through which air, but not the molten metal, is 
able to penetrate. 

The operation of casting in a plunger type machine is as follows : 
After the reservoir has been filled with molten metal and the lip of 
the nozzle cleaned from any dross, the die itself is prepared. This is 
opened, cleaned, oiled, and sometimes dusted with French chalk, cores 
are racked and screwed in position, and inserts or bushes are placed 
as required. It is then closed, and by means of the plate already 
described is brought up against the nozzle of the reservoir and 
carefully pressed closely and accairately to it. The plunger is then 
operated by a long lever, the arm of this being moved by the workman. 
It is doubtful if there is any one definite kind of stroke of the plunger 
which is the correct one for properly forcing the metal into the die. 
The kind of pull on the lever is very important, but while in some 
cases a sharp stroke is necessary, in others a good long follow-through 
pull is the best. 

The casting completed, the mould is opened after severing and 
removing the spout. The removal of the casting is effected by advancing 
a set of ejector pins, which lies flush with the surface of the die during 
the casting operation, and the casting is gently pushed out immediately 
after it has solidified. Nearly all zinc-base die-castings just show the 
marks of the ejector pins. The casting is now ready for trimming, and, 
if required, for polishing, plating, etc. 

The Dies 

Considerable ingenuity is often required in connection with the 
design of the dies for die-casting machines ; in addition great accuracy 
and a knowledge of the casting properties of various alloys are essential. 

It is necessary for the die-designer to draw largely on his experience 
in connection with the thickness of the die metal, its shape, the 
positions of the gate and vents, and the operation of the ejector. 

The die itself is usually made in two parts, namely, a stationary 
cover and a movable ejector. All cores employed must either be 
tapered or collapsible for withdrawal. The dies for new designs of 
parts to be die-cast frequently have to be completed by a trial and 
error method after the first approximately accurate trial casting has 
been made; this is one of the reasons why the dies are frequently 
expensive. 
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In regard to the material used for the dies, carbon steels have been 
found satisfactory for low melting point alloys of the lead-, tin-, and 
zinc-base class. Steels of 0-4 per cent carbon content give exceedingly 
long periods of service, provided they are suitably normalized. On the 
other hand, /or the higher melting poirU alloys , such as those of aluminium, 
alloy steels have been found to be necessary. The alloy steels usually 
employed for this purpose include chromium, nickel-chrome and 
chrome- vanadium grades, suitably heat-treated ; non-shrinking tung- 
sten-chromium-manganese steels are also used.* 

The metal used for the cores is usually an alloy steel, or the same 
steel as for the dies ; high-speed steel cores are also favoured. 

Heating the Dies 

When die-castings are to be made it is usual to heat the dies to about 
100° C. for the lower melting point alloys, and rather higher for the 
other alloys. Where rapid cooling of the metal after casting is required, 
in the case of fast production, the dies and cores are often made hollow 
for water-cooling; further, it is often necessary to lubricate the dies 
and cores with beeswax. 

Die-casting Machines 

Die-casting machines are of two types, namely, the compressed air 
and the plunger types; certain designs have been used, however, 
which employ centrifugal force. In the compressed air type the molten 
metal is enclosed in a reservoir connected by a pipe to the mould; 
air pressures up to oOO lb. per sq. in. are employed to force the molten 
metal into the moulds. 

The plunger method, as its name implies, utilizes the principle of 
a moving plunger in the sealed molten metal vessel to force the metal 
into the mould ; the plunger may be operated either by hand or 
mechanically. 

Alloys lor Die-castings 

Hitherto, as mentioned previously, the die-casting process has 
been of limited application owing, principally, to the low strength 
properties of the alloys employed. It was found that the sharpest 
and most accurate die-castings were those from the zinc, lead, and tin 
alloys having low tensile strengths and poor ductilities. Most of the 
die-castings made from these alloys were suitable for ornamental 
purposes or where light loads only were involved. 

* Full particulars of die steels are given in Chapter VI, Volume I, of this 
work. 
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As a result of research into die-casting methods and materials it 
is now possible to produce die-castings in aluminium alloys up to 
16/18 tons per sq. in. More recently R.R. alloy has successfully been 
applied to die-cast pistons. Further, it is now possible to make die- 
castings from certain of the bronzes, e.g. aluminium and silicon 
bronzes. 

Another class of high tensile alloys for die-casting is one containing 
zinc for the greater part, together with additions of aluminium, copper, 
and magnesium. Tensile strengths up to 21 tons per sq. in. have been 
obtained from alloys of this class, notably “Mazak” zinc-base alloys. 

The alloys employed for die-casting may be divided broadly into 
four principal classes as follows — 

(1) Lead-base Alloys 

These contain lead for the greater part together with tin, antimony, 
bismuth, or copper. They are low strength die-casting alloys, giving 
sharp impressions of the mould. Lead toys are gravity die-cast from 
such alloys; low strength bearings for machinery are also made 
therefrom. Lead-base alloys are tolerably free from corrosion under 
ordinary conditions. 

These alloys have melting points of about 320° C.-340° C. The 
following are some typical die- casting lead alloy compositions — 


TABLE 83 

Lead-base Die-casting Axx.oys 


Description 


Composition ( Percentage ) 


Load Antimony Tin 


Magnolia ..... 

80 

15 

5 

Monotype ..... 

74 

18 

8 

Linotype ..... 

83 

12 

5 

Railroad bearing alloy . 

64 

26 

10 

Electrotype ..... 

93 

4 

3 

Ordinary bearing alloy . 

87 

7 

6 

Light bearing alloy 

80 

10 

10 

Standard typo metal 

59 

15 

26* 

Non-corroding alloy 

Alloy for battery plates, fire extin- 

91 

7-5 

1-5 

guisher parts and lead weights . 
Alloy for light thrust washers and 

90 

10 1 

0 

lightly loaded bearings 

83 

i 

0 


With 1 per cent of copper. 
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(2) Tin-base Alloys 

These alloys, in addition to their tin content — which forms the 
greater proportion — contain copper, lead, and antimony; in some 
cases bismuth is included. Their strength is relatively low, but they 
possess very good antifriction properties, and are, therefore, employed 
for engine bearings. 

They give sharp die-castings with very little contraction so that 
the minimum of machining or scraping — ^in the case of bearings — ^is 
required ; for many purposes the accuracy obtained in the dies is so 
satisfactory that further machining is unnecessary. 

The melting point of these alloys is about 340° C. to 360° C. The 
dies should be heated to 80° C. to 100° C. before pouring the metal. 

Tin-base alloys are free from corrosion by water, oils, or weak 
alkaline or acid solutions. 

The tin-base whitemetals and Babbitt metals described in Chapter 
VII are mostly suitable for die-casting purposes and in each particular 
application the most suitable composition can be selected from the 
information there given. 

In general the die-casting tin-base alloys are harder and stronger 
than the lead-base ones, but are more costly. They possess low frictional 
coefficients. 

The tin-base alloys can be readily soldered and electroplated. 

With the adoption of lined crankshaft and big-end connecting rod 
bearings, including the thin whitemetal-lined steel shell bearings used 
on high-performance petrol engines, the separately die-cast tin-alloy 
bearings have been to a large extent replaced by the former types. 

Tin-base die-castings, apart from their use as bearings, are used 
where low shrinkage on cooling is required for accuracy, i.e. for number 
wheels, small gears, odometer parts, etc. Tin alloys suitable for die- 
casting include also the better grades of pewter, i.e. with lower lead 
content. 

(3) Zinc-base Alloys 

These alloys constitute the most widely used of the die-casting 
metals, about three times the weight of all die- castings being made of 
zinc-base alloys. 

Most of these alloys consist of zinc hardened with copper and tin 
or copper and aluminium. Initially, a certain amount of trouble was 
experienced with die-castings of the zinc-base class due to inter- 
granular corrosion. The castings which appeared to be sound at first 
distorted and increased in size when stored ; in other instances they 
developed cracks in service and even broke into pieces. 
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These defects were subsequently shown to be due to the presence 
of certain impurities in the zinc alloys and it was found that if these 
were kept below a definite limit the troubles mentioned did not occur. 
The use of purer grades of zinc up to 99*9 per cent purity by electrolytic 
and vapour refluxing processes has now resulted in the production of 
sound and permanent die- castings in zinc-base alloys. 

The principal impurities in these alloys are lead and cadmium, and 
these constituents are kept down below 0*003 per cent. 

In the case of the copper-tin -zinc alloys it has been found that the 
presence of aluminium in excess of 0*5 per cent has a deleterious effect 
so that the latter metal must be kept below this percentage. With 
the copper-aluminium-zinc alloys the presence of tin in excess of 
0*005 tends to cause failure by distortion, swelling, and cracking. 

The compositions of some typical zinc-base alloys are given in 
Table 84, and the mechanical properties in Table 85. 

TABLE 84 

Compositions of Typical Zinc-base Alloys 


Alloy 

Aliuniniuin 

(.‘upper 

Tin 

Mamies! imi 

Ziiu* 

A . . . . 

0 5 (max.) 

3-5 

0 5 

_ 

Remainder 

\i ... . 

0 5 (max.) 

5-5 

8-0 

— 

Remainder 

C ... . 

40 

3 0 

..... 

— 

Remainder 

Zainak No. 2 

3-9-4:i 

2-5 -2-9 i 

— 

0 02 0-05 

Remainder 

Zainak No. .5 

3-9 -4-3 

(P75-125 

— 

0 02 0 05 

Remainder 

Zainak No. (i 

39- 4-3 

10 1-5 

... 

0 005 (max.) 

Remainder 

Mazak* No. 

3-9 4-3 

None 

OOOl 

0()3-(.)00 

Remainder 

Dnrak 

41 

1 (1 


003 

Remainder 


* Mii/.ak Xu. 2 and Xu. 5 luivt* similar rumpusitiuiis uinl propertit^s tu Zam.ik Xu. 2 and Xo. 5 
respect ivoly. 

TABLE 85 


Properties of Typical Zinc-base Alloys 


Alloy 

Specific 

(Jravity 

Melting 

Point 

‘C. 

Ten.siki 
Strength 
Toii.s per 
s(l. in. 

Briuell 

Hardness 

Com- 
pressive 
Strength 
Tons per 
sq. in. 

Shear 
Strength 
Tons per 
sq. in. 

A . . . 

6-65 

410 

9-0 





B . . . 

605 

415 

8-90 

53 

— 

— 

C . . . 

0-60 

398 

1 50-1 7*8 

57 

— 

— 

Zainak No. 2 

0-75 

. 394 

21-0 1 

83 

41-5 

20-4 

Zainak No. 5 

007 

380 

18-0 ! 

73 

39-0 

17-1 

Zamuk No. 6 

6-72 

389 

17-7 

71 

410 

17-0 

Mazak* No. 3 

0-60 

381 

18-0 1 
with 4-7% 
elongation 

83 



Burak* 

coo 

380-5 

22-91 

with 2-8% 
elongation 

100 




National Alloys Ltd. 
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B.S, Zinc Alloys for Die-casting, The British Standards Institution 
has issued two specifications, as follows : B,8, 1003 High Purity Zinc, 
and B,8. 1004 Zinc Alloys for Die-castings, The former relates to the 
high purity zinc used in zinc alloys for die-castings and specifies the 
following maximum percentages of the other elements, namely, lead, 
0*003 ; cadmium, 0*003 ; other impurities (excluding iron and copper), 
traces. Total impurities 0*01 per cent. Two zinc alloys, designated A 
and B, are specified. The former has 3*9 to 4*3 per cent of aluminium, 
with very small specified amounts of copper, iron, magnesium, lead, 
tin, and cadmium, the remainder being zinc. The latter alloy has 3*9 to 
4*3 per cent of aluminium with 0*75 to 1*25 per cent copper (as against 
0*03 per cent in alloy A), Steam, weight, shrinkage and mechanical 
tests are specified. The mechanical properties are given in Table 86. 


TABLE 86 

Mechanical Propert^ies of B.S. Zinc Alloys for 
Die-castings 


! 

Alloy 

Ultimate tensile 
§tross 

tons per sq. in. 

Elongation 
per cent on 

2 in. X i-in. 
dia. 

' ] 
Bt 

[mpac 

rengtl 

ft./lb. 

t 

Hardness 
’(Brinell No.) 


A 

A(8)tj 

B 1 

A 

A(8)t: 

B 

A 

A(s)t; 

B 

A 

A(8)t 

B 

Original 

values 

18-5 

16-7 

23-4 

3-7 

4-7 

3-3 

32 

35 1 

34 

74 

63 

89 

After 1 2 
months* 
normal 
ageing . 

17-9 

i 

17-3 

20-8 

7-9 

7-6 

5*5 

. 

44 

40 

40 

65 

68 

78 

After 10 
days* dry 
ageing 
at 95° C. 

15-7 

15*3 

17-7 

9-3 

7-8 

5-4 

33 

1 36 

1 

6-2 

64 

59 

70 


* tJri-notchod Charpy tost piece J in. X J in. section, 
t A(s) — Stabilized at 100° C. 


Mazak Alloys. In reference to the Zamak alloys these are produced 
by the New Jersey Zinc Company of America and are widely employed 
in that country. The Mazak alloys are similar in their properties and 
are marketed in this country by Messrs. Morris Ashby I^d., London. 

In addition to aluminium, copper and magnesium the Mazak alloys 
have very small proportions of iron, lead and cadmium, the sum of 
these latter elements not exceeding 0*081 per cent. 
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The copper-aluminium-zinc alloys are about the strongest ones 
and, owing to the aluminium content, the fluidity of the molten metal 
is improved so that sound castings with thin sections can be produced. 
It is often necessary to heat-treat such alloys by heating to about 



Fio. 133. Group of Mazak Die-castings. The upper 
Illustrations show the Crankcase I^nits of a small 
Petrol Engine 
( W iAverhampton Die-casting Co.^ Ltd.) 

280*^ C., followed by slow cooling to 240° C. and final cooling in air ; 
this treatment accelerates any age-hardening effect. 

The thermal expansions of Mazak alloys Nos. 2, 3 and 5 are 27-7 
X 10”®, 27*4 X 10~® and 27-4 X 10~® per ° C. respectively. 

The solidification shrinkojges are 0-16, 0*14 and 0-14 in. per ft. 
respectively. 

In regard to the impact strengths as tested on a Charpy machine of 
40ft.-lb. capacity with anvil gap of 40 mm. and using un-notched 
specimens, the respective values for the three alloys mentioned are 
19 00, 20-25 and 17-6 ft.-lb. 

MazAk alloys experience ageing^ the metal being in a meta-stable 
state as soon as cast, since certain phase changes which normally 
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occur during slow cooling are suppressed. One phase change of small 
intensity is largely completed in five weeks; another occurs which 
requires several years for completion. In the case of the No. 3 Mazak 
alloy, after three years’ ageing the tensile strength falls from 18-0 to 
15- 1 tons per sq. in., the percentage elongation increases from 4-7 to 



Fig. 134 . Ghoijf of Mazak Die-castinos 
{Above) Fishing-reel eompouents. (helotv) Kleetrio tiund-drill casings. 
{Woh'erhamptm Die'Casting Co., Ltd.) 


6*1 and the Brinell hardness falls from 74 to 67. The No. 2 alloy shows 
a slight increase in tensile strength and hardness after three years, 
from 83 to 106, but the impact strength drops from 19 to 6 ft.-lb. 

The changes due to ageing can be brought about by heating the 
castings at temperatures of 70° C. to 95° C., so that the phase changes 
of normal ageing are achieved in a few days. Improved Mazak alloys, 
employing higher casting pressures, now give higher mechanical test 
values, a typical alloy, known as Stabilized No. 3, having a tensile 
strength of 18-9 tons per sq, in. with 11*4 per cent elongation, Charpy 
impact strength of 34*9 ft.-lb. and Brinell hardness of 63. 

The advantages of zinc-base alloys for die-castings are that they are 
relatively low in cost ; are stronger than lead-base alloys ; have easy 
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die-casting qualities at relatively low temperatures which permit the 
cheaper die steels to be employed ; can be used with plunger-casting 
machines with readily obtained high pressures; are smooth and to 
close dimensional limits ; can be cast in very thin sections ; are readily 
machined when necessary ; take any of the ordinary commercial 
finishes ; and possess good surface corrosion resistance when high 
purity alloying elements are used. 

In many instances, however, the zinc alloys show surface corrosion 
tendencies, especially in moist atmospheres and in contact with steam, 
so that in such cases surface protection coatings of chromium, nickel, 
etc., are necessary. 

Among the numerous c(ymmercial . a/pplications of zinc-base die- 
castings the following may be mentioned, namely : Automobile 
radiator grilles, window and frame castings, heater casings, gramophone 
motor frames, parts of calculating machines, carburettor castings, 
washing machine components, refrigerator parts, instrument casings 
and parts, electric motor end covers and frames, petrol pump bodies 
for automobile fuel feed systems, tail and side lamp bodies, automobile 
bodywork fittings, e.g. door handles, window regulators and grips, 
domestic machine parts, typewriter frames, meter fittings, photo- 
graphic accessories, canning machine parts, electric fan parts, etc. 

One of the* most important applications in automobiles is that of 
die-castings in strong zinc-base alloys of radiator grilles."^ In this 
connection very thin sections can be cast, namely, down to about 
0*020 in., and the smooth surfaces obtained require only a minimum 
amount of buffing in preparation for chromium plating. Complicated 
designs of such die- castings are readily produced and such castings 
often take the place of several assembled stampings, thus forming a 
one-piece structure which includes ribs, bosses, threaded elements and 
similar items. The employment of light sections for radiator grilles 
offsets to a large extent the greater density of the zinc-base alloy in 
comparison with steel stampings or pressings. 

One disadvantage of many zinc-base thin section die-castings is 
that if accidentally broken they cannot be repaired satisfactorily. 

In regard to the weights of radiator grilles, typical examples as 
used on the high-powered American cars, e.g. Cadillac, Buick and 
La Salle, weigh from 18 to 20 lb. In some instances these grilles are 
made in two sections, when the total weight with bolts, nuts and fixtures 
is rather higher. 

Intercrystalline Corrosion, Zinc-base alloys are subject to this type 

♦ See also “Die Cast Radiator Grilles," Machinery Supplement^ 5th May, 
1938. 
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of corrosion, which is due in some instances to stressed casting conditions 
and in others to impurities. Zinc-base die-castings have been shown 
to be more prone to intercrystalline corrosion when tin, lead and 
cadmium impurities each exceed a certain proportion ; for this reason 



Fig 135 . An Intbicate Die-casting in Mazak 
Zinc-base Alloy 

the presence of these elements is restricted to very low proportions, as 
indicated with the British Standards alloys mentioned on page 276. 
As this corrosion occurs in the presence of moisture accelerated steam 
tests are usually employed to detect such tendencies. 

Surface Finished^ In instances where good surface appearance is 
required on zinc-bai^e die-castings— which normally possess a dense 
smooth skin — ^the castings can be painted, enamelled or varnished with 
suitable materials. For finishes requiring heat, e.g. stove enamels and 
synthetic resins, it is important to use a zinc alloy which does not 
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experience detrimental changes in mechanical properties or in dimen- 
sions by subsequent ageing at the stoving temperatures. 

A special alloy suitable for stove enamelling is Mazak No. 3, which 



Fig. 136. Typical Examples of Motor-car Die-castings 
IN Mazak Zinc- base Alloy 


can be heated to 150® C. to 218® C. without disadvantageous effects. The 
modern “low-bake synthetic” enamels require stoving at only 100® C. 
to 110® C., so that a wider range of alloys is available. Zinc-base cast- 
ings can be electro-plated with nickel, chromium and silver, but special 
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precautions are necessary to ensure sound adherent coatings. These 
alloys can also be given copper, bronze, and brass finishes. 


(4) Aluminium-base AUosrs 

After the zinc- base alloys these are the most widely employed for 
die-casting purposes. The use of aluminium alloys for these applica- 
tions enables light high-strength castings to be produced to within 



Fig. 137. Aluminium Alloy 
(NA.226) Gravity Die- 
casting BEFORE Test 



Fig. 13S. Aluminium Alloy 
(NA.226) Die -casting after 
Test 


fine dimensional limits. Such castings are permanent in shape and 
can be used over a much greater temperature range than the lead- or 
zinc-base ones. They possess excellent thermal and electrical con- 
ductivities also. 

Die-castings can be made in quantities at a much lower cost per 
unit than sand- castings. Thin as well as thick sections may be cast. 

Aluminium-base die-castings are smoother in appearance than sand- 
castings and the metal is denser. They can be produced so accurately 
that machining allowances and finishing costs are considerably less 
than for the best sand- castings. 

The fact that metal dies or moulds are employed indicates more 
rapid cooling of the alloy with increased density of the resultant 
casting. The tensile strengths and hardnesses of die- castings are 
invariably higher than for sand-castings of the same alloy. Further, 
there is a notable absence of porosity and dross inclusions — ^in other 
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words, the castings are uniformly more sound. A further effect of the 
more rapid cooling is that of grain refinement throughout the mass of 
the metal ; the increased hardness is due to this. 

Alloys Used. There is now a fairly wide range of aluminium alloys 
available for die-casting purposes. Typical instances of these are the 
8 and 12 per cent copper-aluminium alloys, aluminium- copper-silicon 
alloys, with or without the addition of small amounts of nickel, Y-alloy, 
R.R.53, R.R.53C, Hiduminium 23, Hiduminium 40 and 42, Birmal 
and other commercial alloys. Certain B.S.I. standard alloys, such as 
the aluminium-copper-tin L. 11, aluminium-copper-zinc 6B, aluminium- 
copper L.8 and the aluminium- copper-zinc 2L.5, are also suitable for 
die- castings. 

Another alloy having high strength properties is the NA.226,* 
which is made to conform to the D.T.D.361, D.T.D.304 and D.T.D.298 
Specifications, giving tensile strengths (chill-cast and heat-treated) of 
27-0, 25 0 and 19 0 tons per sq. in. respectively. This alloy contains 
from 4 to 5 per cent copper; 0*9 per cent (max.) silicon; 0*7 per 
cent (max.) iron; 0*25 per cent (max.) titanium; less than 0*2 per 
cent impurities ; and the rest aluminium. 

A typical American alloy forming one of the Alcoa range contains 
14 per cent copper, 2 per cent silicon and the rest aluminium. It has 
a tensile strength of 16 tons per sq. in., with 1 per cent elongation and 
Brinell hardness of 95. The specific gravity is 2*98. The melting 
point (liquidus temperature) is 600° C. Another Alcoa alloy of the 
nickel-content class contains 4 per cent copper, 1*75 per cent silicon 
and 4 per cent of nickel. The tensile strength is 13*9 tons per sq. in. 
with 1*5 per cent elongation. The Brinell hardness is 80 and specific 
gravity 2*87. The melting point (liquidus temperature) is 629° C. 

An example of a high-silicon content aluminium-base die- casting 
metal is the A.S.T.M, No. 5, having 12 per cent silicon and 88 per 
cent aluminium. This alloy possesses good fluidity and gives sharp 
mould impressions. It has a tensile strength of 14*7 tons per sq. in. 
with 1*5 per cent elongation. 

From these considerations it will be seen that the aluminium is 
strengthened by suitable additions of other elements, notably copper, 
nickel and silicon. For pressure casting the amount of zinc must be 
kept low, as otherwise there would be a tendency to red-shortness \ 
it should not exceed about 1*5 per cent as a general rule. 

Effect of Silicon. The difficulty previously experienced in connection 
with somewhat excessive shrinkage of the aluminium alloys, has been 
overcome by the inclusion of silicon, which not only reduces this 
♦ Northern Aluminium Co. Ltd. 


lO— (T.5303) II 
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TABLE 87 


Die-castinq Aluminium Alloys 


Designation 

Form 

Minimum Mechanical Properties 

Heat- 

treatment 

Alloy 

Speciflcatipn 

01% 
Proof 
Stress 
Tons per 
sq. in. 

Ultimate 
Tensile 
Stress 
Tons per 
sq. in. 

Elonga- * 
tion, per 
cent on 

2 in. 

NA.226 . 

D.T.D.361 . 

C 

22*5 

26 

4 




S 

20 

21 

1 

Full 

Ceraluinin C . 


C 

20 

23-5 




NA.211 . 

D.T.D.225 

s 

17 5 

18 

— 

Full 

K.R.53C 

D.T.D.309 

c 

19 

22 






s 

18 

19 

— 

Full 

R.R.53 . 

D.T.D.131A . 

c 

19 

20 






s 

15*5 

16 

— 

Full 

NA.161 . 

D.T.D.245 . 

c 

16 

19 




Alpax GaTnnia 


s 

13 

15-5 

— 

Full 

NA.222 . 

D.T.D.269 . 

c 

14 

19 






s 

13 

18 

. — 

Full 

y-Alloy . 

B.S.S. L.35 . 

c 

14 

18 

2 




s 

13 

14 

— 

Full 

Ceralumin D . 



13 

20 

5 


NA.2U . 

D.T.D.250 . 

S 

11 5 

14 

— * 

Full 

NA.125 . 

D.T.D.272 

c 

10 

13 






s 

8 

11 

2 

Solution 

NA.161/A3 . 

I).T.I).240 

c 

8'5 i 

15 

3 


Alpax Beta 


s 

6 

11 

1-5 

Ageing 

NA.218 . 

B.S.S.2. L.24 . 

c 

8-5 

12 




Y-Alloy . 


s 

8-5 

10 

“ 

None. 

(Jerahimiri B . 


c 

8 

12-5 

4 


NA.in . 

I).T.D.287 

s 

7'5 

10 

2 

Ageing 

R.R.50 . 

D.T.D.I33B . 

c 

8 

12-5 

4 




s 

7-0 

11 

! 2-5 

Ageing 

Birmasil Special 

D.T.D.264 . 

c 

6 

16 

3 


NA.15S . 


s 

4-5 

! 12 

2 

None 

Birmabright . 

D.T.D.165 . 

c 

.5 

11 

5 




s 

.5 

9 

3 

None 

NA.160 . 

1 B.S.S.L33 


4-6 

13 

8 


Alpax . 

1 

s 

3*5 

10*5 

5 

None 

M.V,C. . 

D.T.D.231 

c 

i 4 5 

12 

7 




s 

3 

10 

5 

None 


C’ =» Chill-cast. S — Sand-cast. 

(Northern Alumitiiuni Co.] 
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shrinkage but increases fluidity and avoids any cracking tendency; 
moreover, it improves both the malleability and corrosion resistance 
appreciably. Aluminium-silicon alloys are frfee from hot-shortness, 
but if the silicon content is high there is a tendency for the molten 
metal to attack the iron of the melting pots and submerged goosenecks. 
The silicon imparts a bluish tinge to the aluminium. 

The ductility of the high silicon content (12 to 14 per cent) alum- 
inium alloys is improved and the grain structure refined — but at the 
expense of a loss in tensile strength — by annealing the die-castings 
for one or two hours at a temperature of 400® C., followed by slow 
cooling. The hardness is also reduced by about 30 per cent by this 
process. 

Aluminium alloys have a solvent action on iron and it has been 
shown by analyses of typical die-castings that from 1 to 3 per cent of 
iron is often present. One effect of this is to raise the melting point of 
the alloy. Prolonged contact of the molten alloy with iron melting 
pots may affect the fluidity of the alloy and result in surface defects 
on the castings. 

Economy of Die-castings 

Apart from the fact that aluminium-base die-castings have a 
smoother and much cleaner appearance than sand-castings and are 
from 10 to 20 per cent stronger in tensile strength and hardness, they 
can be produced more cheaply, provided that a sufficiently large 
number of castings is produced, in order to offset the relatively high 
cost of the dies and machines employed. 

In the case of gravity die- castings the economic minimum usually 
lies between 1000 and 3000, the former value being for the more 
complicated castings and the latter for the relatively simple ones. 
For pressure die-castings, however, where the costs of the machine 
and dies are greater, the minimum quantities that can be produced 
economically are somewhat greater than for gravity castings. 

In connection with the life of the dies used for pressure casting of 
aluminium-base alloys, when correctly designed and of the most 
suitable alloy die steel, these dies are usually good for 20,000 to 100,000 
castings, according to the size and design, type of alloy used, etc. 
The maximum weights of castirigs of plain section that are made at pres- 
ent by the pressure method are about 16 to 18 lb., and the dimensions 
20 X 10 X 36 in. The sectional thicknesses are limited to a minimum 
of about in., and the usual tolerances are within ± 0*0pi in. (in 
special instances) to 0-002 in. (normal values). 

An interesting comparison between the cost and output in the case 



ENGINEERING MATERIALS 


of pressure die-castings in aluminium alloys* is given in Fig. 139, 
which shows how the cost per 100 castings diminishes with the number 
of castings produced. The hatched area below the horizontal line 
denotes material and production costs per 100 castings, excluding the 
cost of the dies. The hatched area above the horizontal line represents 
the proportionate die costs per 100 castings. 

An interesting example of the saving effected in the application of 
die-castings is that of the Leyland commercial vehicle gear-box which 



Fio. 139. Relation between Die Cost and Output of 
Pressure Die-castinos in Aluminium Alloys 


was made of an aluminium alloy containing 7*5 per cent copper and 
3-5 per cent silicon. The finished casting weighed 52 lb. When made 
as a sand-casting the time of production was 225 min., but for the die- 
casting this time was only 12 min. The contraction allowance was 
0-008 per inch. The weight of the die — which contained twenty-eight 
working parts — was about a ton. The pouring temperature was 
750° C., the mould being preheated to 400° C. The gravity die-casting 
method was employed in this example. 

Ftessme and Gravity Die-castings 

Pressure castings require the use of more expensive dies and involve 
higher setting-up costs. They necessitate the use of plant which will 
produce injection pressures of a high order, namely, up to about 
5000 lb. per sq. in., although in special cases higher injection pressures 
are employed. In the case of low pressure or hand-operated machines 
pressures as low as 80 to 100 lb. per sq. in. are often used. The dies 

* Light Metala, 1939. 
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and their supports must therefore be designed sufficiently rigid to 
withstand these pressures without any tendency for the dies to 
open. 

In general the pressure method is considered to give slightly denser 
castings, with greater accuracy for the finished parts than by the 
gravity process. Thinner sections (down to about in.) can be cast 
by the pressure process. The speed of production by the pressure 
method is from four to five times greater than that of the gravity one 
and the parts as removed from the plant are usually in completed 
form, requiring the minimum of machining other than sizing to 
precision limits by surfacing methods such as reaming, honing, grind- 
ing, etc. As the castings leave the dies they have a rather better 
surface finish than by the gravity method. 

The advantages of gravity die-castings are that they are usually 
cheaper to produce per unit part, are but little inferior in density and 
finish and can be made for casting designs involving complicated 
undercut portions, such as those of petrol-engine pistons and crank- 
cases. The pressure method has its limitations for such purposes, 
since the complicated dies or intricate built-up core units would 
prove excessive in cost and operation time. 

A further advantage of the gravity process is that it can be used 
with a much wider range of aluminium alloy compositions than the 
pressure process, with which only a restricted range is possible. 

A typical application of the gravity die-casting method is illustrated 
in Fig. 140,* the particular design being for an Austin small engine 
piston. When cast in chill moulds with steel cores this can be produced 
at the rate of fifty per hour, as compared with ten per hour for the 
sand mould cast pistons. The core is of a somewhat intricate shape, 
but by making it in steel in several pieces it can readily be assembled 
and also withdrawn. As soon as the metal in the runner is set the 
gudgeon pin cores are eased out and the centre wedge removed. The 
latches are then thrown back and the two cores forming the contour 
of the inside of the piston are taken out ; finally, the die is opened and 
the castings removed. It will be seen from the illustration that the 
runner is of gooseneck form in order to control the rate of flow of the 
metal. 

Increase in size or intricacy of the casting to be made reduces the 
advantage of the die-casting method until the point is reached where 
the sand- casting method becomes preferable. 

CM shuts in die-castings are skin formations on thin sections by 

♦ Gravity Die-castinga in, Aluminium Alloys, Northern Aluminium Co. 
publication. 
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chilling and occur when the continuity of liquid metal in the mould 
is broken, owing to the solidification of one or more streams of metal 
before the mould is completely filled. For this reason thicker sections 
should not be fed through thinner ones and adequate radii should be 
left at comers wherever possible. 

The high shrinkage of aluminium alloys on solidification necessitates 
the provision for a ready flow of molten metal in order to avoid 



Fig. 140 . Gravity Die-cast Piston for Austin 
Automobile Engine 


shrinkage cavities and draws These defects are usually safeguarded 
against by placing risers above heavy sections to ensure that fresh 
metal shall replace that drawn away by adjacent parts which solidify 
more rapidly. In instances where thin sections adjoin thick ones the 
differential shrinkage effect is sometimes such as to cause cracking, so 
that careful design of the casting and metal feeding methods is neces- 
sary for its avoidance. 

Applications of Aluminium Die-castings, There is a wide range of 
parts made by die-casting methods in mass-produced engines, 
machinery, instruments, domestic, and other plant. 

In automobile and aircraft engines, typical applications include 
pistons, crankcases, carburettor castings, dynamo and starting motor 
frames and other parts, magneto casings and end covers, oil sumps, 
sparking-plug fins and radio shield parts, high strength levers and 
brackets, etc. The undercarriages (retractable) of aircraft utilize 
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several high strength aluminium die-castings. Other aircraft applica- 
tions include pilots' control levers, impellers for superchargers, brackets, 
tubular fittings, etc. Brake shoes for automobiles, cooling fans, clutch 
components, covers, levers, brackets and similar items requiring high 
strength for low weight are among some of the other applications of 
die-castings. 

Aluminium die-castings are also used for domestic articles such as 
vacuum -cleaner motor and nozzle units, refrigerator radiator cylinders, 
spouts for tea and coffee pots, juice-extractors, washing machine 
agitators and cover frames, food mixers, wringer parts, etc. 

Typewriter frames, camera bodies, parts of adding machines, meat 
slicers, vending machine components, and various office machines are 
also made by the aluminium die-casting method. 

Certain elements of machine tools produced in quantity made by 
this method include gear-box castings and covers, pulleys, hand 
wheels, chain cases, etc. Portable electric and compressed air tools 
also employ die-cast components. 

In the electrical industry there is also a wide field of application 
in connection with parts for dynamos, motors, instruments, telephone 
parts, meters, switchgear, traffic signal light hood units, etc. 

Aluminium alloys are melted in a furnace crucible and kept at 
about 10° C. above the melting point before pouring. The dies are 
heated to about 250° C. to 400° C. It is necessary to lubricate them in 
order to facilitate the removal of the casting. For this purpose a 
mixture of lard, oil, beeswax, and graphite is recommended. 

A facing of French chalk is usually given to the dies. 

Blafirnesium-base Alloys 

Magnesium-base alloys of certain compositions can be die-cast 
satisfactorily although special piethods have to be employed on 
account of the inflammable nature of these alloys. More recently a 
new type of furnace has been used for charging the metal in small 
quantities for each casting or “shot” into the machine whilst keeping 
the ''bulk of the metal in a neutral atmosphere. It has thus been 
possible to cast at 600° C. to 650° C. with the pressure casting method, 
using pressures up to nearly 60001b. per sq. in.; the die-castings 
produced have tensile strengths up to 15 tons per sq. in. 

Owing to the lightness of magnesium alloys, combined with good 
strength properties, the sections of castings can be made thicker than 
those of aluminium alloys of equal stiffness so that the design, from 
the point of dier- casting, is to some extent simplified and very thin 
sections which would cause casting difficulties are thus avoided. 



Fio. 141. A Group of Aluminium Alloy Die -castings for Automobile Engines 
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Die-castings now made in the Elektron and Dowmetal magnesium 
alloys are becoming more widely used for aircraft purposes where high 
strength-to-weight ratio is required. To some extent these castings 
are replacing those of aluminium alloys. 

T 5 q)ical applications include bell-cranks, control brackets, tail 
wheel forks, retractable undercarriage fittings, window frames, hous- 
ings, engine covers, brackets and certain other lightly stressed fittings, 
air-intake scoops, aileron hinge brackets, airframe fittings, etc. In 
the case of large radial engines supercharger impellers and crankcase 
sections, covers and accessory housings have been made. 

In regard to the alloys employed for die- casting, in addition to 
certain of those given in Chapter IV, there is a range of Dowmetals, 
used for pressure castings in the United States, particulars of which 
are given in Table 88. 

The die-casting qualities of magnesium alloys depend upon the 
actual compositions, those with the higher aluminium content being 
the more easy to cast. An improvement in the casting results can, 
however, be obtained in the case of the more difficult alloys by employ- 
ing higher casting pressures. 


TABLE 88 


Die-casting Magnesium Alloys (Dowmetal) 


Dow- 

metal 

Composition (Percentage) 

Tensile 
Strength 
Tons per 
sq. in. 

Elonga- 
tion on 

2 in. 

per cent 

! 

Impact 
Value 
Charpy 
Ft. -lb. 

Ahiini- 

nium 

Mangan- 

ese 

Magne- 

sium 

M 

0 

lo 

98*5 

10-7-1 1*7 

7-12 

4-7 

F 

4 

0-3 

95-7 

11-7-13-8 

7-10 

6-10 

E 

G 

0-3 

93*7 

11-2-14-3 

4-7 

3-6 

A 

S 

0-2 

91*8 

12-9-14-3 

2-6 

2 4 

G 

10 

01 

89-9 

12-9-14-7 

13 

1-2 

13 

12 

01 

87*9 

r2-9-14-3 

0-5-1-5 

0-3-10 


In connection with the alloys given in Table 88 Dowmetal G gives 
the best combination of casting and physical properties, whilst Dow- 
metal M possesses the best corrosion resistance. Another magnesium 
alloy having 10 per cent aluminium and 0*2 per cent manganese is also 
used on account of its satisfactory die-casting properties. It has a 
tensile strength of 12-5 to 13*6. tons per sq. in. with 1 to 2 per cent 
elongation and a Brinell hardness of 55 to 60; the specific gravity 
is 1-81. 
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Copper-base Alloys 

Most of the brasses and bronzes described in Chapter V can be 
die-cast satisfactorily, although the relatively high melting points of 
these alloys introduce complications in regard to the length of useful 
life of the dies employed, since the shorter period before which the dies 
have to be discarded affects the economical prod\^ction of the castings. 
For this reason the more simple parts in these alloys can usually be 
made at appreciably lower cost by the hot stamping process. Further, 
the machines used for die-casting copper alloys are of different design 
from those for most other alloys, so that it is not usually possible to 
utilize the latter type. Some of the machines employed for copper 
base die-castings operate upon the principle of ladling the molteu 
metal from a melting pot into a cylindrical member from which a 
hydraulic ram forces it in the plastic condition into the dies, as distinct 
from using the molten metal for this purpose. 

In regard to the life of the alloy steel dies it is usually possible 
to obtain about 30,000 to 50,000 castings only per set of dies. The 
dimensional limits possible with copper-base alloy die-castings are 
somewhat less than those of the other die-casting alloys previously 
considered, but they are usually such that considerably less final 
machining is necessary than for sand or forged parts of similar design. 
It is possible also to die-cast brass to sections as thin as ^ inch. 

The alloys most used for die-castings include the hot stamping 
brasses, extendable brasses, yellow brasses, nickel silvers and certain 
bronzes, particulars of which are given in Chapter V. In order 
to minimize the cost of the dies and therefore to reduce the cost per 
casting, the alloys having the lower melting points are preferred in 
cases where maximum strength and similar mechanical properties are 
not the ruling factors. 

Bronze alloys of 88 per cent copper and 8 to 10 per cent tin with 
small proportions of lead and zinc can also be die-cast satisfactorily. 
In regard to season cracking defects these are notably absent in die- 
cast copper alloys, but occasionally blistering due to a very small 
degree of porosity in the metal of die-castings is experienced. 

The applications of die-castings in copper-base alloys include those 
fields in which relatively high strength properties combined with 
marked resistance to corrosion by impure atmospheres and certain 
liquids are required. For these reasons they are employed for compo- 
nents of plant used for handling liquids and gases, for marine purposes, 
domestic hardware, gears for small machines, meters, instruments, 
etc., nozzles, unions, elbow-fittings, tap and cock fittings, special 
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bearings, impellers and pump parts for liquids, bolts, nuts, caps and 
covers, etc. 

In connection with the die-casting methods used, the gravity one 
is generally employed for parts in aluminium bronze, high tensile 
brass and nickel brasses and silvers. The pressure method can, how- 
ever, be employed, but the life of the dies is shorter and their initial 
cost higher. 

Aluminium Bronzes 

The aluminium bronzes lend themselves admirably to the gravity 
die-casting process. These are employed commercially for castings of 
intricate shape. The alloys used range from 90 per cent copper, 
10 per cent aluminium to those containing iron, manganese, and nickel 
in varying proportions, and the series extends to the aluminium brasses, 
or those containing copper and zinc as the main constituents with 
aluminium as an extra one. The brasses are not free from difficulties 
in the casting operations owing to the formation of zinc oxide. 

The results of some tests* carried out on aluminium bronze alloys 
suitable for die-casting are given in Table 89. 

TABLE 89 

Aluminium Bronze Die-casting Alloys 


S.'S"”” i ■■'“P"'*™ 


Al 

Fe 

1 

Ou 

Tensile 
Strength 
Tons per sq. 
in. 

Elongation 
per cent 

Proof 

Stress 

Tons per sq. 
in. 

9-7 


90-3 

29-9 

i 

14 

12-3 

10-4 


89-6 

33-6 

23 

10-2 

8-6 

1-4 

900 

31-7 

42 

IM 

10-6 

2-2 

87-3 

35-6 

13 

130 

10-2 

2-8 

87-0 

39-4 

12 

14-1 


Table 90, p. 295, gives particulars of some typical die- casting 
aluminium bronzes. 

Aluminium bronzes cast well, one set of dies being capable of 
producing at least 16,000 to 20,000 castings. 


♦ “Die Castings/* F. Fry, Proc, Inst, Mech. Engrs, (September, 1930). 
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Iron-base Alloys 

In concluding this chapter, reference should be made to the fact 
that it is now possible to produce grey iron castings in metal moulds ; 





Fio. 142. Aluminium Bjionze Die-castings of 33/35 Tons per 
SQ. IN. Tensile Strength 
{Messrs. Sagar Richards y Ltd.) 


a particular example is the Szekeley process for casting iron in metal 
moulds lined with a mixture of French chalk and paraffin. 

The Holley Carburettor Co., of America, have used die-cast, cast 
iron for carburettor bodies for the Ford Co. The castings vary from 
I in. to \ in. in thickness, and up to 10,000 can be produced from one 
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set of dies. The dies are faced with a thin mixture of water, fireclay, 
and waterglass baked with a thickness of in. and smoked. 


TABLE 90 

Die-oasting Aluminium Bronzes (Russell) 


Al 

1 

Fo 

Pb 

Remarks 

10 



E.L.* 8 tons T.S.f, 34-36, Elong. 19-5%, 
R. of A.J 23%. 

9 

3-5 


Less liable to self-anneal than the above. 

11 

— 


Gear bronze. 

10 

— 

1 

Gear bronze T.S. 36-37, Elong. 15%. 

5-11 

Up to 1 
3-0 

— 

General purposes. 


* E,L." -Elastic Limit. t — Tensile Strength. 

X R. of A. — Reduction of area. 

Note. In the abov’e table, the remainder is copper in each case. 



CHAPTER IX 

SOME OTHER ENGINEEBING ALLOYS 

Solders 

These are alloys of certain metals having relatively low melting 
points in relation to those of the base-metals to be united, so that they 
can be applied to the latter without risk of melting them. The solders 
employed commercially, when properly applied to the joints in the 
metal parts to be united, not only fill the spaces between the parts, 
but unite with the surface layers. Thus, in the case of two metal parts 
united with lead-tin solder, if the surfaces are properly cleaned before 
and fiuxed during the soldering operation, the solder occupies all of 
the space between the parts, whilst at the surface layers the tin forms 
an alloy with the metals of the parts ; in effect the tin dissolves some 
of the surface metal and in doing so x)enetrates into it. This alloying 
process has the further advantage of requiring only a relatively low 
temperature, namely, below 300° C., for lead-tin solders. 

The solders used in engineering work can be divided into two 
groups, as follows: (1) The Soft Solder a, and (2) The Hard Solders. 
The former have low melting points and are composed chiefly of lead 
and tin — in some instances with small additions of antimony. The 
latter class includes the Silver Solders and Brazing Metals, which have 
higher melting points and give stronger joints. 

It should be pointed out that although the term ‘‘hard soldering*' 
is widely used to include both silver soldering and brazing, the latter 
process is often used to define the method of uniting two metals with 
a film of brass or spelter. 

These two groups of solders are used for uniting steel, cast iron, 
copper, brasses, bronzes and certain other metals and alloys such as 
lead, zinc, whitemetals, pewters, etc. ; in this connection each metal 
or alloy requires its own particular composition of solder, although 
certain of the lead-tin solders will unite steel, copper, brass, bronze, 
or whitemetal equally well. None of the usual hard or soft solders 
can be employed for uniting aluminium or magnesium or the alloys 
of these metals. 

The Lead-tin Solders 

The simple soft solders are aUoys of lead and tin, the exact composi- 
tion used depending upon the purpose for which the solder is to be 
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employed. Lead and tin will alloy in any proportions giving a range 
of alloys from just below 100 per cent lead on the one hand to just 
below 100 per cent tin on the other. 

Fig. 143 shows the approximate equilibrium or freezing point 
diagram for lead and tin. The line AEB represents the temx>erature 
conditions for the various alloys at which the liquid alloy when cooled 



slowly begins to enter the “pasty” state. The line CED which passes 
horizontally through ISS'’ C. on the temperature scale corresponds 
with the solidification of the alloy and is the temperature at which 
the eutectic consisting of 63 per cent of tin and 37 per cent of lead forms 
direct from the liquid (or molten) condition into the solid state withopt 
passing through the pasty condition. This alloy has the lowest melting 
point of all the lead-tin ones. Those with the higher melting points 
contain the greater percentages of lead ; thus as the percentage of the 
latter metal is increased the melting point increases along the line EA^ 
until the melting point of leadj at 327° C., is approached. Alloys 
containing greater proportions of tin than 63 per cent have melting 
points between 183° C. and 232° C. (the melting point of tin). 
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It is interesting to consider the physical states of alloys during the 
cooling process for tin compositions of less than that of the eutectic 
denoted by E in Fig. 143. Thus, for the alloy containing 35 per cent 
of tin and 65 per cent lead, denoted by the ordinate PQRS, as the 
molten alloy is cooled from the temperature corresponding to P, 
namely i 400° C., it eventually drops to the temperature denoted by 
the point Q, namely, 245° C., below which it enters the pasty region 
of the equilibrium diagram when crystals of lead begin to form and, 
with further reduction of temperature, to grow with consequent 
increase in the pastiness of the aljoy. The residual liquid portion 
corresponds to the composition of the eutectic, namely, 63 per cent 
tin and 37 per cent lead. When the temperature eventually falls to 
the value denoted by P, the alloy passes from the thick pasty to the 
solid condition ; the structure of this solidified alloy consists of lead 
crystals in the eutectic of lead and tin. 

For alloys containing more than 63 per cent of tin the pasty 
condition is denoted in Fig. 143 by the area enclosed by EBD ; the 
constitution of the partly solidified alloy consists of tin crystals in. 
the liquid lead-tin eutectic, and the solid alloy (below 183° C.) therefore 
consists of tin crystals in lead-tin eutectic. The ordinate MNPQ 
represents the cooling sequence of the 85 per cent tin alloy which is 
“pasty’’ along NP and solidifies at P. 

Physical and Strength Properties, The physical and mechanical 
properties of lead-tin alloys are given in convenient form in Table 91.* 

Some Ordinary Solders 

Among the lead-tin solders that have been in use over a long period 
are those known respectively as Plumbers’ Solder and Tinman’s or 
Blowpipe Solder. 

Plumbers' Solder, which is widely used in ordinary soft soldering 
practice, consists of 66*6 per cent lead and 33-3 per cent tin (or 2 parts 
lead and 1 part tin). It has a wide plastic condition range from the 
melting point of 250° C. down to the solidification point of 183° C., 
and it gives a tensile strength of about 2*7 tons per sq. in. and shear 
strength of about 2 tons per sq. in. 

Tinman's Solder has a composition of 33* 3 per <;ent lead and 66* 6 
per cent tin (or 1 part lead to 2 parts tin). It very nearly* coincides 
with the composition of the eutectic with solidifying point of 183° C. 
and is suitable for blowpipe use since it has no appreciable inter- 
mediate pasty condition. 

Tin Solder is the name that is sometimes given to the 50/50 lead-tin 
♦ Publication No. 93, International Tin Research and Development Council, 
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solder which melts at 212° C. and has a tensile strength of about 2-76 
tons per sq. in., and a shear strength only slightly less, namely, 2-66 
tons per sq. in. It is rather stronger, harder and more ductile than 
Plumbers’ Solder. 

Effect ol Antimony in Lead-tin Solders 

The addition of small proportions of antimony to certain lead-tin 
solders increases the tensile, shear and compressive strengths as well 
as the hardness. The maximum percentage of antimony that can be 
added advantageously should not exceed 6, since above this amount 
hard crystals of tin-antimony compound are formed which tend to 
make the solder brittle arid also to reduce its surface alloying or 
adhesive properties. If 1 per cent of antimony is added to a lead- tin 
alloy the amount of tin may be reduced by 2 per cent to preserve the 
same proportion of eutectic. Similarly, for every 1 per cent of antimony 
added there must be a simultaneous addition of 1 per cent of lead. 
The lead-tin-antimony eutectic has a slightly higher melting point, 
namely, 3° C. higher than the lead-tin eutectic. When a small propor- 
tion of antimony is added to plumbers’ solder the plastic range is 
sensibly the same. 

At the tin end of the equilibrium diagram 7 per cent of antimony 
increases the freezing point by 11° C., but over the ordinary solder 
alloy range the usual additions of antimony do not increase the freezing 
point to any appreciable extent. 

A typical antimony solder contains 45 per cent tin, 52-5 per cent 
lead, and 2J per cent antimony. It is equivalent to the 50/50 lead-tin 
alloy, but the tensile strength is 3-6 as compared with 2-75 tons per 
sq. in. for the latter alloy ; it is also appreciably harder. 

It should again be emphasized that whilst the lead in the solder has 
no power to dissolve any antimony the tin will carry up to about 6 per 
cent of antimony without formation of brittle tin-antimony cubic 
crystals. 

It has been shown by Nightingale* that antimony in lead-tin 
solders causes a slower alloying action on brass and copper, but gives 
stronger joints, though in the case of mild steel the joints made wore 
less strong than those obtained with antimony-free solder ; when more 
than 55 per cent of lead was present the antimony had a detrimental 
effect. The strongest joints were found to be those made with a solder 
consisting of pure tin with 6 per cent antimony, but no lead. 

Most of the British Standard Soft Solders (Spec. No. 219, 1932) 

Tin Solders^ S. J. Nightingale, British Non-Ferrous Metals Research 
Association, London. . 
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allow for maximum percentages of antimony up to 3-0 and in three 
instances definite minimum percentages up to 2*5 per cent are specified. 

Solders for Elevated Temperatures 

The lead- tin solders, whilst sufficiently strong in tension and shear 
at normal temperatures for most purposes, show a somewhat marked 
falling off in strength with temperature rise. 'Thus in the case of a 
solder having equal proportions of lead and tin the tensile strength 
falls to on^-half its normal air temperature value at 150° C., i.e. at 
33° C. below its solidification point ; for this reason no stress should 
be applied to soldered joints until they have cooled right down. 

In instances where stressed soft soldered joints are exposed to 
temperatures appreciably above normal air values the high tin content 
solders should be used. Thus a solder containing 95 per cent tin and 
5 per cent antimony has a tensile strength of 2*81 tons per sq. in. and 
melts at 244° C., whereas pure tin has a tensile strength of only 0*94 
ton per sq. in. and melts at 232° C. 

The antimoniaUtin solder mentioned is employed in electrical and 
other work where the temperature is likely to reach or exceed the 
boiling point of water ; this solder possesses a good electrical conduc- 
tivity. It is used also in refrigerator condenser systems owing to its 
high strength and corrosion resistance properties. 

The cadmium-zinc solder mentioned later is used for aircraft 
radiator construction on account of its good properties at temperatures 
appreciably above the boiling point of water. 

Lead-silver alloys are also used for the same reason. A typical alloy 
is Fry’s L.S.I, which melts at 305° C, and has hardnesses at 15° C., 
100° C. and 180° O. of 71, 5-35 and 3 0. This solder is suitable for use 
at temperatures of 100° C. to 150° C. as it has good tensile and shear 
strengths combined with superior corrosion resistance to the lead-tin 
solders. It is particularly suited to electrical purposes as it possesses an 
appreciably higher electrical conductivity than ordinary soft solders. 

An investigation made in the U.S.A.* into the possibility of sub- 
stituting silver for tin in lead-tin solders, in instances where tin 
supplies were needed for armament industry purposes, indicated that 
a large saving in tin could be effected by using a 2*5 per cent silver-lead 
solder in place of the 50/50 lead-tin one. It was stated that not only 
was this new solder cheaper, but equally satisfactory joints could be 
obtained. This solder has been used in several industrial applications, 
including that of automatic can-making machines. 


♦ Automotive Industries^ 15th August, 1941. 
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British Standard Soft Solders 

Ten diflFerent grades of soft solders are included in the Specification 
referred to on page 300. Their compositions and recommended applica- 
tions are given in Table 92. 

TABLE 92 

Compositions and Applications of B.S.S. Soft Solders 


B.S.S. 

Grade 

Tin 

per cent 

Antimony 
per cent | 

Total 

Im- 

purities 

pt^r 

cent 

Lca<l 

Recommended A pplications, etc. 

Min. 1 Max. 

.Min. Max. 

A 

640 

66 0 

— 

10 

0*32 

Rem. 

Close to eutectic. Low melting 
point. For liiKh .strength thin 
joints, e.g. steel tubes. 

B 

490 

510 

2*5 

30 

0-32 

Rem. 

Tiiuuau's solder for use with solder- 
ing hit. 

For tinsmiths' and coppersmiths’ 
work. 

C 

390 

410 

20 

2-40 

032 

Rem. 

For. hand soldoring with soldering 
bit. General work. Slow setting 
solder. 

D 

290 

310 

10 

1-70 

0-32 

Rem. 

Plumbers’ solder for lead pipe, 
sheets, wiped joints, etc. 

£ 

94-5 

95-5 


0-50 

025 

Rem. 

Special eloetrical purj)o.ses where 
higl) strength, eondiictivity and 
duetility are required. 

F 

490 

51 0 


0-.50 

i 

0-32 

i 

Rem. ' 

General eleetrieal purpo.se8. Suit- 
able for zinc and galvanized iron, 
■dipping baths, inaehino soldering, 
etc. 

G 

410 

43 0 


0-40 

0-32 

Rem. 

For dipping baths, zinc and gal- 
vanizeti work. Tinne<l electriciil 
joints. 

H 

340 

360 

1 

0-30 

0 32 

Rem. 

More licpiid than Grade T). Used 
for wiped electrical cable joints. 

J 

290 

310 


0-30 

0*32 

Rem. 

For dipping baths. Tinning caps 
and liners. For lead, copper, 
bra.ss and steel fittings. Re- 
sembles plumbers’ .solder. 

K 

590 

61 -0 


030 

032 

Rem. 

Special machine soldoring. For 
sealing cans. Sets quickly like 
(Mitectic. Gives strong ductile 
joints. 


Impurities in Soft Solders 

It is usual to specify certain maximum allowable percentages of 
impurities in soft solders. In this connection zinc is probably the 
most harmful ingredient, its presence being indicated by sluggishness 
of the molten metal with irregular waves and lumps on the surface, 
and by a dull yellow- white colour ; even in amounts of 0 001 per cent 
zinc will spoil the solder. 
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Aluminium is almost as harmful as zinc and must be absent from 
solder. 

Arsenic tends to make the solder brittle and it should not be present 
in greater amount than 0*05 per cent. It dulls the surface and causes 
small white spots on the surface. 

Copper gives rise to grittiness and makes the molten solder sluggish. 
It should not exceed 0-08 per cent. 

Iron causes brittleness and grittiness and should not exceed 0 02 
per cent ; when present above this amount it tends to cause dark 
streaks and smears in the alloy. 

Phosphorus tends to render the solder too liquid and should be 
absent in the composition of the latter. 

Special Forms of Solder 

For convenience of soldering, soft solder is supplied in the form of 
ingots for tinning and dipping baths, in sticks of about J in. to f in. 
for hand soldering and in powder form for fine work. For electrical, 
instrument and other small work purposes the solder is often supplied 
in the form of small diameter tubes with the interior filled with flux 
such as resin ; it is known as Flux-cored Solder, 

Powdered solder is often sold mixed with flux in the form of a paste ; 
usually glycerine or grease is used as a carrier for the flux and solder. 
A typical soldering paste contains powdered solder, ammonium 
chloride (sal ammoniac) and glycerine ; the solder should have a high 
tin content. 

Tinning powders, which render the soldering of dirty surfaces, 
hardened steel, cast iron, etc., much easier, contain equal weights of 
powdered ammonium chloride and finely powdered tin or high tin 
content solder. A proprietary self-fluxing tinning compound of this 
class which lias found a wide range of applications is that known 
as Soldo, 

Fluxes for Soft Soldering 

The following is. a list of the fluxes employed for preventing oxida- 
tion and removing dirt and scum from the surfaces of the metals 
mentioned.* 

Load to lead with plumbers’ solder . . Tallow 

Lead to brass or guiimetal with plumbers’ solder Tallow 

Lead to brass or guumetal with tinsmith’s solder Tallow or resin 

Tinning brass or guumetal for soldering . . Tallow or resin 

(Continued on p. 304) 

* Notea on Soldering, Publication No. 93. International Tin Research and 
Development Council. 
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Clean zinc, copper, brass, etc., for bit soldering . 

Zinc chloride 

Zinc, not cleaned ...... 

Dilute hydrochloric acid 

Tinplate for bit soldering .... 

Zinc chloride 

Pewter and block tin ..... 

Olive or Gallipoli oil, 
tallow, etc. 

Tinning copper bits ..... 

Animoiiiuni chloride or 
zinc chloride 

Stainless steel, \ 

nickelorj 

Monel metal j 

/■Saturated zinc chloride 

< in 50 per cent hydro- 

1 chloric acid 

Wrought iron ...... 

Zinc chloride 

Cast iron ....... 

Zinc or ammonium 
chloride 

Brass, gunmetal, or copper .... 

Zinc chloride, rtjsin, or 
ammonium chloride 

Bronze ....... 

Tihw chloride or resin 

Bismuth ....... 

Zinc chloride or resin 

Terne plate ....... 

Zinc chloride 

» 


In connection with the selection and use of fluxes it is important, 
when corrosive fluxes such as zinc chloride, dilute hydrochloric acid 
and ammonium chloride are employed, to remove all traces of the 
flux from the surfaces of the metals joined, by scraping, wire-brushing 
and washing. For electrical work the resin solders are generally pre- 
ferred since there is no corrosive effect with this flux. Tallow and 
certain non-acid oils also have a similar advantage. 

In all soldering operations the metal surfaces must be free from 
dirt and grease before heating ; a preliminary cleaning by filing, 
emery-papering or pickling in a dilute hydrochloric acid bath followed 
by washing in water is recommended for steel, copper, and brass. 

Cast Iron Soldering 

Cast iron is a somewhat difficult metal to solder owing to the free 
graphite content and non-metallic inclusions. The white cast irons 
are more easy to soft solder than the grey ones for thil reason. The 
surfaces to be soldered are prepared by various alternative methods, 
one of the most successful of which is the application of hydrofluoric 
acid. The surface may be plated with copper by applying moistened 
copper sulphate to the clean grease-free surface ; when thus plated the 
solder will usually adhere satisfactorily. 

Surface decarburization is another method which, although com- 
plicated and expensive, gives good results. 

Good grades of cast iron as used for automobile cylinders can be 
prepared for soft soldering by grinding or filing, and then pickling with 
a 15 to 25 per cent solution of hydrochloric acid, followed by washing 
in clean water. Zinc chloride is used as a flux. 

For coating cast iron articles with solder, after pickling in the acid 
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solution mentioned, they are heated in a neutral atmosphere and 
dipped in a bath of molten solder (50/50 grade), upon the surface of 
which is a layer of ammonium chloride. 

Aluminium Bronze Soldering 

This alloy is almost as difficult to solder as stainless steel owing 
to the film of oxide which forms. It can, however, be soldered satis< 
factorily with the same fluxes as those employed for stainless steel, 
namely, that given previously or a mixture of boracic acid and 
potassium fluoride. 

Silver Solders 

These solders contain copper, silver and zinc and have melting 
points ranging from about 600° C. to 840° C. They give much stronger 
joints than the soft solders, but on account of their higher melting 
points require much higher soldering temperatures; they cannot 
therefore be employed for heat-treated steels and other alloys which 
require heat -treatment temperatures approaching those of the solders. 

The compositions and melting points of some typical silver soldcxs 
are given in Table 93.* 

TABLE 93 

Composition of Silver Solders 


Percentage Composition 

Melting Point 

V. 

Copper j 

Silver 

1 

Zinc j 

r)10 

90 

400 

854 

340 

500 

160 

1 774 

300 

450 

250 

1 746 

25-0 

600 

150 

732 

2rri) 

700 

50 

776 

200 

650 

15 0 

718 

20-0 

70-0 

100 

758 

20-0 

750 

50 

776 

160 

80-0 

40 

792 


Silver solders with more than 50 per, cent silver are essentially 
silver-copper alloys to which zinc is added to obtain a lower melting 
point ; those with less than 50 per cent of silver are brasses to which 
the silver has been added to improve the corrosion resistance and 
mechanical strength properties. 

* **Solders and Soldered Joints,” The AiUoimbile Engineer, July, 1941, 
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TiUy in silver solder, tends to lower the flow point but increases 
the brittleness. 

Nickel tends to suppress coarse grain growth in the annealed 
solders. About 15 per cent of nickel is sufficient for this purpose. The 
tensile strength and hardness of the solder are increased appreciably 
but the flow point is practically unchanged. 

Lead and iron are detrimental in silver solders and should therefore 
be avoided. 

A good silver solder should have at least 50 x)er cent reduction of 
area before fracture in tension. 

The tensile strength of the 75 Ag/22 Cu/3 Zn chill-cast solder is 
about 18*5 tons per sq. in., and for the 60 Ag/25 Cu/15 Zn one about 
28-5 tons per sq. in. Solders with lower silver content have higher 
tensile strengths than these values. 

British Standard Silver Solders 

There are three grades of silver solder specified by the British 
Standards Institution, two being of the silver- copper-zinc class and 
the other a quaternary alloy with the inclusion of cadmium. The 
Grade A silver solder has the following percentage composition : — 

Cu, 27*5-29*5; Ag, 60-62; Zn, 9-11; total impurities 0*5 (max.). 

The Grade B solder composition is as follows: Cu, 36-38; Ag, 
42-44; Zn, 18*5-20*5; total impurities, 0*5 (max.). 

The melting ranges, from solidus to liquidus, of the Grade A and B 
silver solders are 690° C.-735° C. and 700° C.-775° C. respectively. 

Higher Blelting Point Solders 

Higher melting point solders include the nickel-copper and copper- 
silver alloys. The melting points of the former alloys range from 
1083° C. for pure copper to 1452° C. for pure nickel, there being no 
eutectic of lower melting point in the series. 

The copper-silver alloys have melting points from the lowest value 
of about 780° C. for the 28/72 copper-nickel alloy to the highest value 
of 1083° C. for pure copper. The melting points of this series of alloys 
are shown in Table 94. 

The American Society of Testing Materials (A.S.T.M.) specifies 
eight different grades of silver solder, including one with 5 per cent of 
cadmium, having melting points ranging from 1510° F. (820° C.) down 
to 1250° F. (694° C.). The compositions and melting points of these 
solders are given in Table 95. 

Nos. 1 to 3 are suitable for soldering where a freer flowing solder 
than the ordinary copper-zinc brazing alloys is required. Nos. 4 and 
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TABLE 94 

Melting Points of Copper-silver Alloys 


Copper 

100 

. 

80 

70 

60 

50 

i 

40 

30 

20 

10 

0 

Silver 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

Melting 












point 

io8:i 

lojr) 

JM)0 

940 

910 

870 

820 

780 

820 

1 

890 

962 


TABLE 95 


Composition and Properties of Silver Solders (A.S.T.M. 


Grade 

1 

2 

i 

3 

I 

4 

I 

i 

i ^ 

i 

1 

> 6 

i 

1 

7 

i 

! 8 

1 

Ag. % . 

10 

20 

20 

1 

45 

50 

65 

70 

80 

Cu. % . 

52 1 

45 

45 

30 

34 

20 

20 

16 

Zn, % . 

38 

35 i 

30 

25 

16 

15 

10 

4 

Cd. % . 

Impurities, 

t 


* 5 

Nil 

Nil 

Nil 

Nil 

Nil 

%* 

Melts at, 

0-15 

(M5 

01 5 

01 5 

(M5 

01 5 

015 

015 

°F. 

Flows at. 

1510 

1430 

1430 

1250 

1280 

1280 

1335 

1360 


1600 

1500 

1500 

1370 

i 1425 

1325 

1 1390 

1460 

Colour 

Yellow 

Yellow 

Yellow 

Nearly 

white 

Nearly 

white 

White 

White 

White 


5 will flow more freely at lower temperatures than Nos. 1 to 3. They 
produce strong joints. Nos. 6 to 8 are employed where a high degree 
of ductility is required. 

The compositions and applications of certain commercial silver 
solders that have been used in this country in the past are shown in 
Table 96. (See p. 308.) 

The fluxes used for ordinary silver solders are of the borax class, 
e.g. borax or boracic acid, and are applied either as a paste made 
with water or in a powdered form. 

Properties and Applications 

In connection with the properties of silver-soldered joints, with 
suitable solders tensile strengths across the joints of 30 to 40 tons per 

♦ Maximum. 

t The addition of not over 0*60 per cent catiiniuin to a.ssist fabrication is 
not considered a harmful impurity. 



308 £NGiNES:Bma materials 

sq. in. can be obtained ; with special solders values up to 50 tons have 
b^n recorded. The width of the gap or silver solder layer giving the 
most satisfactory results is from 0*0015 to 0*002 in. 

An advantage associated with the use of silver-soldered joints in 
electrical work is the high electrical conductivity that can be obtained 
by the proper selection of the soldering alloy ; thus it is possible to 
employ a silver solder having from 70 to 80 per cent of the conductivity 
of copper ; the higher the proportion of silver the higher is the con- 
ductivity in these solders. 


TABLE 96 

Silver Solder Compositions and Applications 


Composition per cent 

Applications 

Silver 

■ Copper 

Zinc 

5-10 

95-90 


For thin iron and mild steel sheets. 

45 

55 

— 

A tough alloy for instrument makers ; very 
fluid. 

30 

50 

20 

For small brass work. 

38-5 

46 

15-5 

For bronze and nickel silver. 

9 

43 

48 

For general work on copper alloys. 

80 

20 

— 

Hardest solder. 

75 

25 

— 

For general use. 

50 

50 


Softest silver solder; will not burn. 

15 

80 

5 

Brass, copper and brass-to-copper joints. 


Silver solders are employed for soldering iron, steel, copper, silver, 
gold, and their alloys ; for soldering turbine blades into position ; for 
high pressure and temperature small pipe connections; for petrol 
pipe nipple joints and similar purposes. For automobile and aircraft 
pipe joints and connections, silver solder is to be recommended owing 
to its fatigue resistance and reliability; soft soldered petrol and oil- 
pipe joints invariably fracture with repeated vibration. Brass pipes 
are sometimes made by bending a sheet of brass into circular form 
through rollers or dies, and fixing the solder in the form of wire of 
suitable composition with borax in the overlap. On passing the* work 
through a furnace in which it attains a red heat, the solder runs and 
makes the joint ; the flux is then removed by dissolving, and the tube 
drawn through dies in the usual way. Joints in beaten metal work, 
such as the trumpets and horns of musical instruments, are made with 
hard solder of suitable composition and colour. 
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Cadmium Solders 

A considerable amount of research work carried out during the 
1914-18 war period with cadmium as a substitute in part or entirely 
for the scarcer metal tin resulted in some useful soldering alloys of 
which those given in Table 97 are typical. 


TABLE 97 

Compositions of Cadmium Solders* 


i^esigiiation 

Leuil 

1 per cent 

1 ^ 1 

Cadmium 
per cent 

j Tin 

1 per cent 

; Zinc 

I per cent 

A 

90 

10 


_ 

B 

80 

10 

10 

— 

C 

90*8 

7-8 

1 

1-4 


The melting points were between 400"^ C. and 450® C., being appreci- 
ably higher than for the lead-tin solders, and generally necessitating 
the use of a blowpipe in place of the usual soldering iron. The solders 
were found to be satisfactory for joints in sheet metals of coppe r, 
brass, lead, steel, galvanized iron and zinc; with the latter metal 
very sound joints were made. The most satisfactory flux was found 
to be zinc chloride but resin also gave similar results although the 
solder did not flow as readily. The B t;vT>e solder was not as strong as 
the A and C ones, and eventually the latter type was adopted for 
general soldering work. This solder does not oxidize easily and at 
100° C. it is from 50 to 100 per cent stronger than the 50/50 lead-tin 
solder and from 30 to 50 per cent stronger than pure tin. It has been 
used for thinning cable ends, bus-bars and other electrical parts; it 
was found to be superior to lead-tin solders, but is not satisfactory 
however for wiped joints as it does not flow freely as a plastic mass. 

Cadmium is often employed in silver solders in applications where 
particularly low melting points and soldering temperatures are required 
and in this connection it may replace part or all of the copper. In 
small amounts it does not lower the melting points of the ternary 
silver solders, except in the case of those alloys low in silver content. 
When cadmium replaces copper in order to lower the melting point it 
also reduces the strength and ductility of the solder. When added in 
order to improve the strength and ductility of silver solders it must 
be added at the expense of the zinc. 

A typical cadmium-silver solder for lower temperature soldering 
than the ordinary ones is that conforming to the British Standard 
♦ ** Cadmium Solders,” Melal Indvstry, 26th October, 1923. 
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Specification No. 206 — 1941, and having the following percentage 
composition limits : Ag, 49-51 ; Cu, 14-16 ; Zn, 16-17 ; Cd, 18-20. 

This alloy has a melting range of 630® C. (liquidus) to 695® C. 
(solidus). 

Another cadmium-silver solder with a melting point of 743® C. 
contains 65 Ag ; 20 Cu ; 5 Zn and 10 Cd (percentages). 

A cadmium zinc solder which is employed in place of lead-tin 
solders in aircraft radiator construction, in connection with the use of 
ethylene -glycol cooling systems (operating at temperatures well above 
the boiling point of water), is given in D.T.D. Specification No. 51A. 
It is employed for tube blocks and casings. 

Bismuth Solders 

A series of low melting point solders is obtained with lead-tin- 
bismuth alloys which are suitable for applications which prohibit the 
use of temperatures employed with the ordinary lead-tin solders, e.g. 
plumbers’ and tinman’s solders. 

Table 98 gives the compositions and melting points of some 
typical bismuth solders. 

TABLE 98 

Properties of Bismuth Solders 


Designation 

Lead 
per cent 

Tin 

per cent 

Bismuth 
per cent 

Melting Point 

°C. 

A 

31*2 

18-8 

500 

94 

B 

400 

200 

400 

113 

C 

33-3 

33 3 

33-3 

123 

D 

430 

28-5 

28-5 

132 

E 

47-0 

20-5 

23-5 

151 

F 

33-2 

.50-2 

16-6 

158 

G 

46-6 

40-2 

13-2 

165 

H 

500 

37-5 

12-5 

178 

I 

40-0 

500 

100 

162 


These alloys are used with resin or zinc chloride as a flux. The 
melting point of bismuth is 269° C. 


Brazing Alloys 

These alloys are used as hard solders for uniting parts in iron, steel, 
bronze, brass, etc., in order to give stronger joints capable of with- 
standing much higher temperatures than the soft and ordinary silver 
solders. The most commonly employed brazing alloy is that known 
as Spelter and consists of copper and zinc ; actually it belongs to the 
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simple brass group of alloys and is used in thin strip or granulated form. 

The melting points of the copper-zinc alloys range from 1083° C. 
at the pure copper end down to 870° C. for the 50/50 copper-zinc alloy. 

The limiting proportion of zinc is about 45 per cent, since alloys 
with smaller proportions are brittle and weak in general. 

A commonly used spelter is the 50/50 copper-zinc alloy having a 
melting point of about 870° C. ; it is employed for brazing brasses 
having melting points above 1000° C. For copper allo 3^8 having higher 
melting points the proportion of zinc is usually decreased below about 
45 per cent to give greater strength and temperature resistance, but 
the melting point of the brazing alloy should always be about 100° C. 
to 150° C. below that of the alloy to be brazed. 

In selecting a copper-zinc alloy for brazing purposes, apart from 
melting point considerations it should have a colour similar to that of 
the brass or bronze to be united. In this connection as the copper 
content is increased the colour changes from the golden shade of the 
60/50 alloy to pale yellow for the 70/30 copper-zinc alloy ; then to a 
golden colour again for the 75 to 95 per cent copper-content aUoy. 
Above 96 per cent the colour changes to the warm reddish colour of 
copper. 

In instances where the yellow colour of ordinary spelters is objec- 
tionable it is usual to employ a brazing alloy of a whiter nature. Such 
alloys consist of copper and zinc with additions of tin or nickel ; the 
effect of the tin is to render the metal more fusible. 

For brazing iron and steel an alloy containing 35 to 40 per cent of 
zinc is used; the same alloy may be employed for copper brazing 
purposes. 


TABLE 99 

Compositions of Brazing Alloys 


Composition per cent 


Nickel Zinc I Tin i Nickel 


Applications 


66 

34 





Hardest, suitable for iron and steel. 
Hard, suitable for iron and copper. 

60 

40 

— 

— 

50 

50 

— 

— 

Ordinary spelter, for brass and copper. 

37-5 

35 

50 

57 

— 

12*5 \ 
8-0 1 

White solders, for nickel silver and iron* 

67-5 

25 

17-5 

— 

White solder for brass; more fusible 





than spelter. 

43-4 

6-6 

50 

— 

White solder ; more fusible than spelter. 
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More recent brazing alloys are those known as ailico-bronze and 
phosphor copper. The “ bronze-welding ” or low temperature welding 
process using bronze welding rods with the oxy-acetylene flame is 
really a brazing process. Typical instances are the Sifbronze and 
^'Sil-fos*' processes; the latter employs an alloy of copper, silver and 
phosphorus melting at about 700° C. The percentage composition of 
this alloy is as follows ; Copper, 80 ; silver, 15 ; phosphorus, 5. 

Two well-known grades of brazing solders are given in the British 
Standard Specification No. 263. Grade A has a nominal composition 
of 64/46 copper-zinc and Grade B is 50/50. Maximum limits are specified 
for other included elements such as tin, antimony, arsenic, iron, 
bismuth and lead. 

Parts in iron, steel, brass, copper, bronze, etc., joined by the brazing 
process are fluxed with powdered borax or borax and water paste. 
Cast iron brazing is frequently done with cuprous oxide as a flux. 

Another spelter that is more fiLsible than the ordinary copper-zinc 
ones has the following percentage composition; Cu, 44; Zn, 50; 
Sn, 4 ; Pb, 2. In general, however, alloys containing much lead should 
not be used since the lead does not transfuse with the copper and zinc 
alloy and tends to reduce the tensile and shear strength of the joint. 

Brazing Applications 

Brazing is used for a large number of purposes in commercial 
work and also for repairs in cycle and automobile work. Bicycle 
and similar tubular frames are often made up of separate components 
brazed together, the parts being pinned with special pegs in order to 
hold them together and in the correct positions. Brazing operations are 
usually conducted in a gas forge or brazing hearth provided with 
suitable temperature regulation means and it is an advantage if a 
reducing atmosphere can be employed. 

The borax flux employed leaves a very hard slag, or scale, upon 
brazed joints, which can only be removed by filing, pickling, or sand- 
blasting. 

There are, at present, several methods of brazing in which the 
parts are dipped into a bath of molten spelter, the metal being pre- 
vented from adhering to the surfaces other than those to be brazed 
by coating them with blacking or similar compositions ; these methods 
are economical and lend themselves to quantity production work. 
The joints made in this manner are more uniform, and there is no 
possibility of internal stresses owing to the general nature of the 
heating, as distinct from the ordinary local heating of the blow-pipe 
or forge. 
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Another successful method is an electrical one; it consists in 
connecting the two parts to ,be joined with the terminals of a dynamo. 
When the current is switched on, the parts, on account of their high 
resistance, become heated to a brazing temperature, and the brazing 
wire, or spelter, which has been previously placed over the joint is 
melted, and fills the vacant spaces in the joint. With this system a 
reducing atmosphere of hydrogen, nitrogen, or coal gas may be 
employed, and fluxes dispensed with. 

Pieces of high-speed tool steels are often hard-brazed into iron or 
mild steel shanks suitably milled out to receive them, using strips of 
copper between the joints to be brazed and a special flux. The wh61e 
tool is then raised to the welding temperature of the copper, and the 
joint is made. The tool steel can then be hardened and tempered in 
the ordinary manner, since the temperatures employed are much below 
the melting point of copper. This method is also applicable to certain 
other steel and iron joints. 

Brazing Cast Iron 

In the ordinary way it is very difficult to braze cast iron on account 
of the carbon present and of the oxides formed during the proces-' ; 
special fluxes are now available for cast-iron work, and with special 
care fairly good joints can be made. 

A process invented by Pich for performing this operation in an 
ordinary smith’s hearth consists in decarbiirizing the surfaces of the 
cast-iron parts to be united during the brazing and bringing the 
molten brass solder into close contact with the cast-iron surfaces at 
the same time. A copper oxide mixed with borax and in the form of a 
paste is used for decarburizing the surfaces ; this paste is applied to the 
surfaces of the cast iron after they have been thoroughly cleaned. The 
parts to be brazed are held in position with iron wire and heated, 
when the borax is first melted and protects the surfaces from oxida- 
tion; it also prevents the copper oxide from being attacked by the 
oxygen of the air. As the heating proceeds the oxide of copper fuses 
and liberates its oxygen, which combines with the carbon of the cast 
iron, with the formation of carbon monoxide and dioxide, and the 
liberation of copper, which in its turn combines with the brazing 
brass; the new brazing compound, which now possesses a higher 
melting point, combines with the decarburized iron. Very strong 
joints giving almost the same tensile strength as that of the cast iron 
itself are obtainable with this method. 

The “bronze-welding” method is now widely used for cast-iron 
joints. 
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Low Melting Point Alloys 

Alloys having low melting points, namely, from about 250° C. 
down to about 45° C., i.e. well below the boiling point of water, have 
several important applications in engineering and industry. 

Some of these are used for the purpose of filling steel, brass, copper 
and aluminium tubing so that it can be bent cold without flattening 
or wrinkling. Other alloys are employed for filling fusible plugs which 
are inserted in the furnace crowns of steam boilers. Should the water 
level fall so as to expose the metal of the crown the fusible alloy melts 
into the furnace and thus allows the steam to escape into the latter 
and to extinguish the coal fire. 

Other alloys which have a low melting point — ^usually from 110° C. 
to 160° C. — expand slightly on solidification and give sharp mould 
impressions. They are used for making metal patterns as substitutes 
for the usual wooden ones employed for moulding purposes in the 
foundry, for plaster mould impressions, ornamental castings, proof 
castings of forging dies and moulds, fusible cores for casting moulds, 
models, dies and formers for sheet metal pressings, etc. 

Certain low melting point alloys are used for holding and setting 

TABLE 100 

Low Melting Point Alloys 


Description 

Lead 

/o 

j 1 

Tin 

% 

1 

Bis- 1 
ninth 

O/ 

,0 1 

Cad- 

mium 

*/o 

Melting 

Point 

Remarks 

Wood’s metal 

25 

12 5 

50-0 

12-5 

70 

For crystal and gem set- 
ting. 

Lipowitz’s alloy . 

261 

13-3 

50-0 

10-6 

60 

Silver-white. Malleable. 
For casting delicate 
objects. 

Expands on solidification. 

Expanding alloy 

66-7 



8-3 

250 

65 

D’Arcet's metal . 

250 

250 

50-0 

Mer- 

cury 

94 


D’Arcet’s mercurial metal . 

110 

11-0 

22-0 

56-0 

45 

E'er accurate casts of 
anatomical specimens. 
Previously used for boiler 
plate safety fuses. 

Newton’s metal . 

31-25 

18-75 

50-0 

— 

04 

Bose’s metal 

28-0 

22-0 

50-0 

— 

100 

Previously used for boiler 
plate safety fuses. 

Onion’s metal 

30-0 

20-0 

50-0 

— 

92 

I’usible alloy. 

Fusible alloy . ^ 

28-6 

14-3 

50-0 

7-1 

70 

¥ot boUer fuse plugs, etc. 

Fusible alloy 

27-6 

10-3 

27-6 

34-5 

75 

For boiler fuse plugs, etc. 

Fusible alloy 

35-2 

200 

35-3 

9-5 

80 

For boiler fuse plugs, etc. 
Low melting point solder. 

Bismuth solder . 

46-0 

27-0 

27-0 


94 

Bismuth solder . 

40-0 

40-0 

200 

— 

144 

Medium melting point 
solder. 

Bismuth solder . . 

44-5 

44-5 

11-0 

Anti- 

.160 

High melting point solder 

Expanding alloy 

76-0 



8-3 

mony 

16-7 

145 

For accurate casts. 

Expanding alloy 

370 

63-0 

— 


182 


Expanding alloy 

77-0 

— 

— 

23-0 

1 

249 
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punches and dies in their base-plates for press work operations and 
for rapid and accurate location of blanking, piercing and trimming 
punches in relation to dies without the need of machining non-working 
surfaces to close dimensions. 

Alloys such as Wood’s Metal, having a melting point of about 
70° C., are used for holding gems for cutting operations, wireless set 
crystals, etc. Most of the low melting point alloys contain lead, anti- 
mony, bismuth, tin or cadmium. The compositions and melting 
points of some typical low melting point alloys for various purposes 
are given in Table 100. 

Alloys for Tempering and Heat-treatment Baths 

The alloys of tin, lead and bismuth in different proportions have 
melting points ranging from 94° C. to 162° C. It is thus possible to obtain 
an alloy with any desired melting point for a special purpose, such as 
for heat-treatment at the lower temperatures of certain non-ferrous 
alloys and steels. 

TABLE 101 

Tin-lead-bismuth Alloys 


Percentage Composition 

Molting 

Percentage Composition 

Melting 

Tin 

Lead 

Bismuth 

Point 

"C. 

Tin 

Lead 

Bismuth 

Point 

°C. 

18-8 

31-2 

500 

94 

50-2 

33-2 

16*6 

158 

17-7 

35-3 

470 

98 

48-0 

360 

160 

155 

ir )-8 

42* 1 

421 

108 

45-9 

38-8 

15-3 

154 

200 

40-0 

400 

113 

450 

40-2 

14-8 

153 

270 

36*5 

30-5 

117 

430 

430 

140 

154 

33-3 

33-3 

33-3 

123 

41-5 

44-8 

13-7 

160 

30-8 

38-4 

30-8 

130 

40*2 

46-6 

13-3 

165 

28-5 

430 

28-5 

132 

38-2 

400 

12*8 

172 

2 r )0 

500 

250 

149 

37*5 

50-0 

12-5 

178 

20-5 

47-0 

23-5 

151 

41-5 

46-8 

11-7 

167 

33-4 

44.4 

22-2 

143 

430 

45*6 

1L4 

165 

370 

420 

210 

143 

44.4 

44.4 

11*2 

160 

400 

40-0 

200 

145 

460 

43-2 

10-8 

159 

430 

380 

190 

148 

47-5 

420 

10-5 

160 

45-7 

36'2 

181 

151 

48-8 

410 

10*2 

161 

48- 1 

34(> 

17-3 

155 

500 

400 

100 

162 


The alloys of lead and antimony give melting points ranging from 
that of pure antimony (630° C.), pure lead (327° C.), down to the 
temperature of the eutectic consisting of 87-5 per cent lead and 12*5 
per cent antimony having a melting point of 247° C. 

XI— (T.5303) II 
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The eutectic of bismuth and tin consists of 66*7 per cent bismuth 
and 43*3 per cent of tin ; it has the lowest melting point of the alloys 
of these metals, namely, 137° C. 

The eutectic of zinc and lead consists of 97*7 per cent lead and 2*3 
per cent of zinc and has the lowest melting point, namely, 318° C. 

The eutectic of tin and cadmium consists of 48 per cent tin and 
52 per cent of cadmium and has the lowest melting point, namely, 
177° C. 

The eutectic of lead and cadmium consists of 82*6 per cent lead and 
17-4 per cent of cadmium and has the lowest melting point, namely, 
247*3° C. It is possible to obtain alloys of these metals having any 
desired melting points between those of the metals themselves and of 
their eutectics. 


SOME OTHER USEFUL ALLOYS 
Bismuth-Cadmium Alloys 

The effect of adding cadmium to bismuth is to lower the melting 
point of the alloy; further, it tends to reduce the brittleness of the 
metal. The bismuth-cadmium alloys with lead and tin have low 
melting points, namely, below the boiling point of water. Examples 
of these alloys with melting points as low as 60° C. are given in 
Table 100. 

Glass-to-Metal Cementing Alloy 

A bismuth alloy used for cementing glass to metal and which is 
also employed for fastening the metal parts on glass lamps consists 
of 50 per cent lead, 33*5 per cent tin and 16*5 per cent bismuth. 

Alloy for Porous Castings 

An alloy for filling blow-holes and defective places in castings before 
enamelling or painting these consists of 8*3 per cent bismuth, 25*0 
per cent antimony and 66*7 per cent lead. 

Maximum Expansion Alloy 

An alloy which is claimed to have a greater expansion effect on 
solidification than any other metal or alloy consists of equal parts, 
by weight, of antimony and bismuth. 

Silvering Liquid Alloy 

A liquid alloy used for silvering mirrors and the interiors of vacuum 
flasks contains 80 per cent mercury and 20 per cent bismuth. Another 
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alloy used for the same purposes has equal parts of mercury, lead, 
tin and bismuth. 

Some Commercial Low Melting Point Alloys 

Cerrobend* This is a commercial low melting point alloy having a 
melting point of 71° C. It is used as a filler to fill tubes and moulding 
for bending operations and is j)articularly suitable for bending thin 
copper and aluminium tubing. It can be removed from tin* bent 
tubing by heating in steam or boiling water. 

Cerrobase is a lead-bismuth alloy with a melting ])oiiit of 124° C. 
which does not expand or contract on .‘Solidifying. It is tised for 
duplicating wood patterns for foundry pur- 
poses, and for taking accurate impressions of 
moulds, forgings, dies, etc. It is also em- 
])loyed as a nitriding seal for heat -treatment 
baths, as a fusible metal for safety j)urposes 
and for lightning arrestors. 

Cerrnrnatrix is an alloy of bismuth, lead, mkthoi. ofHoi.d- 

tin and antimony with a melting point of inc Punch in Ohiroma' ux 
1 10° (1, which expands on cooling. It is used 

for the mounting of dies and punches on base-plates in connei^tion with 
punching, blanking and pressing operations. The use of this alloy 
effects both time and cost saving in building up dies and pun(‘he8 
and affords accurate and secure location of the punches in relation to 
the dies. The built-up components can be used for long series of runs 
on metals up to in. thick. The holes in the base-})late members 
are usually of dove-tail section and the portions of the punches to be 
seiaired by the alloy in these holes are drilled, grooved or serrated so 
as to afford a strong hold when the molten alloy is poured around them 
in the hole in the base-plate ; a typical method of holding the punch 
to the base-plate is shown in Fig. 144. 

An examj)le of a three-stage progressive blanking and pieriang die 
for making the sheet fibre sha^ie shown in the upper part of the illus- 
tration is given in Fig. 145. The punches on the left are located and 
held by Cerromatrix alloy. 

Type Metals. 

These are alloys of tin, lead and antimony which are used for 
type-casting purposes and for making stereotype, i.e. the fixed plates 
upon the surfaces of wkich are cast reproductions of the faces of all 
the type used for complete pages or sets of pages. 

* Mining and Chemical Protlucts Ltd., London, W.C.2. 


Countersunk holes 
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Type metals give sharp and very smooth impressions of the mould 
and are sufficiently hard — owing to the antimony content — to with- 
stand long periods of printing usage. 

Ordinary type metals contain from 5 to 10 per cent of tin, 15 to 30 
per cent of antimony and 60 to 80 per cent of lead. The exact compo- 
sition depends upon the character of the work required. For normal 
purposes from 5 to 10 per cent of tin, 15 to 19 per cent of antimony 



Fig. 145. Three-stage Progressive Blanking and Pieucuno 
Die, Using Cerromatrix to Locate and Hold the 
Punches 

and the balance of lead gives a good hard-wearing and sharp impression 
taking type metal. These alloys commence to deposit solid constituents 
at about 250° C. and are usually poured into the moulds at about 
265° C. 

The addition of a small amount of copper is sometimes made in 
order to increase the hardness, but the metal is then more difficult to 
melt and cast as the tin-copper compound commences to deposit 
from the solution at about 270° C. and an antimonial-copper constituent 
at a somewhat higher temperature. The compositions of some typical 
type metals* are given in Table 102., 

C!opper-zinc Expanding Alloys 

It has been observed by Turner and Murrayf that slowly cooled 
aUoys containing 86 per cent of zinc and 15 per cent of copper exhibit 

♦ “Antimony Ores,” Imperial Institute Monograph (John Murray, Ltd., 
London). 

t Joum, Inst of Metals ^ 1909, 2, 98. 
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TABLE 102 

Standard Type Metals 



Antimony 

Tin 

Lead 

Standard electrotype . 

per cent 

4 

per cent 

3 

per cent 

93 

Standard linotype 

12 

5 

83 

Standard monotype 

18 1 

8 

74 

Standard stereotype 

13 

4*50 

82*50 

Ordinary linotype 

13 

5 

82 

Cheap linotype 

11 

3*50 

85 


marked expansions on cooling, the amount of this expansion depending 
upon the percentage of copper and rate of cooling. During solidification 
the force of expansion is considerable. Later investigations* indicate 
that for a copper content of 14*16 per cent the maximum expansion 
occurs, its value being 0*1064. The hardness and elastic limit of the 
expanded alloys are low and the alloys contain cracks and voids. In 
quickly cooled (chill-cast) bars the density varies along the length and 
also across the diameter of the bar. The copper content is higher and 
the density lower in the centre of the bar. 

The expansion effect fades away at about 5 per cent and 30 per 
cent copper content respectively. 

Britannia Metal 

These alloys of tin, antimony and copper, with or without the 
additions of small proportions of other metals, are employed chiefly 
for making inexpensive domestic tableware, e.g. teapots, spoons, jugs, 
and also ornamental objects and toys. 

The principal constituents are tin and antimony, w^th smaller 
amounts of copper, zinc, lead, bismuth and other metals. 

The Britannia metals have a silvery-white colour with a slight 
tinge of blue. Some t 3 q)ical compositions are given in Table 103.t 

O.E.C. Heavy Alloy 

An interesting alloy made from tungsten, copper and nickel by the 
sintering process is characterized by its very high specific gravity and 
good tensile strength. The alloy in question contains 90 per cent of 

♦ Journ, Inst, of Metals^ March, 1924. 

t “Antimony Ores,*’ Imperial Institute Monograph (John Murray Ltd., 
London). 
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TABLE 103 


Britannia Metals and Allied Alloys 



Anti- 1 
inony 

Tin 

Load 

Copper 

Zinc 

Bis- 

muth 


per 

per 

per 

per 

per 

per 


cent 

cent 

(^ent 

cent 

(’.ont 

cent 

Ashberry metal* 

150 

79 

— 

30 

2*0 

lOf 

Britannia metal (English) . 

50 

94 

— 

1*0 

— 


Britannia metal, sheet 

7-80 

90*6 

— 

1*6 

— 


Britannia metal, cast 

9-2 

90*6 

— 

0*2 


— 

English plate-pewter . 

10 

80 

10 

9*0 



German plate -pewter 

24 

72 


4*0 


— 

Minofor metal* 

18*2 

68*5 

— 

3*3 

10*0 



Pewter . . . i 

7*0 

89*4 

1*8 

1*8 




Prince’s metal (for covers) . 

15*25 

84*75 


— 



Queen’s metal . 

7*1 

88*5 

--- 

3*50 

0*9 

— 

Queen’s metal (teapots) 

8*88 ! 

73*36 

8*88 

— 

-- 

8*88 

Wagner’s metal (fine) 

9*66 1 

85*64 


0*81 

3*06 

0*83 


tungsten, 4 per cent copper and 6 per cent nickel. It has a specific 
gravity of 16-3 to 17, being therefore about twice a^s heavy as steel. 

The tensile strength and yield point are 40 and 37 tons per sq. in., 
respectively, the elongation on I in. being 4 per cent. The elastic 
modulus is 3(5 x 10® lb. per sq, in. and Brinell hardness 250 to 290. 

The coefficient of linear expansion is 5-6 X 10~® per degree C. 

The thermal conductivity is 0-25 C.G.S. units. 

The specific resistance is 11*6 microhms per cm. (rube. 

It is made by adding a mixture of copper and nickel powders to 
tungsten powder, compressing these by means of steel dies to the 
required shape and heating to about 1450° C. in hydrogen. The struc- 
ture then consists of large spherical grains of tungsten embedded in a 
tough matrix of copper-nickel-tungsten solid solution. The alloy is 
almost completely resistant to corrosion by the atmosphere and salt 
water. It can be brazed or silver soldered to other metals and plated 
with nickel, cadmium or chromium. Components of the alloy can be 
welded together by a s]:)ecial method in a hydrogen atmosphere. 

Developed primarily for radium therapy purposes it has an im- 
portant engineering application fo7' erigine and machinery balance 
weights where its small volume for a given weight has proved an 
advantage. Another application is for arcing contacts of large oil 

* Employed for making forks, spoons, coffee-pots, teapots, etc. Harder than 
Britannia metal, but less beautiful. 

t Nickel. 
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circuit breakers. In a test made on two heavy alloy contacts measur- 
ing in. by | in., connected in series, it was shown that a current 
of 130,000 amps, at 6*3 kV per phase could be successfully ruptured. 

Konel Alloy 

Konel is the name given to a cobalt-nickel alloy, produced by the 
American G.E.C., which possesses high strength properties at elevated 
temperatures. The alloy, in addition to its major cobalt and nickel 
content, contains also iron and titanium. It is made in the electric 
furnace and has a specific gravity of 8-59. 

The tensile strengths at 24°, 400°, 500° and 600° C. are 46*2, 46*3, 
36*8 and 29-5 tons per sq. in. respectively. The corresponding elonga- 
tions are 37*0, 34*0, 33*0 and 18-5 per cent respectively. 

The coefficient of linear expansion from 0° to 100° C. is 10’75 x 10”® 
and from 0° to 700° C., 14-30 x 10“®. 

The specific resistance values at 0°, 400°, 800° and 1000° C. are 
35, 69, 100 and 108 microhms per cm. cube. 

The results given are for specimens annealed at 900° C. for two 
hours. The alloy can be fabricated by the usual methods employed 
for heat-resistant nickel alloys. It work-hardens rapidly and so 
requires frequent annealing at 900° to 1000° C., at whicl\ temperatures 
it shows no noticeable tendency to scale and is still quite resistant to 
the hammer. 

Konel is used for the valves and valve stems of petrol and Diesel 
engines, for steam turbine blades and other applications requiring 
operation at a red heat. It was originally developed as a substitute for 
platinum in radio valves ; the Konel filaments of these operate at 
175° C. lower temperature than those of platinum. The filaments are 
produced from 20 lb. ingots forged, cold-rolled and drawm through 
diamond dies to one-thousandth inch diameter. They are then rolled 
into ribbon 0-002 in. wide and 0 00055 in. thick. Konel has excellent 
corrosion resistance properties to most acids and its cost in comparison 
with platinum and iridium — which it has been used in place of — is 
extremely low*. 

Batterium Alloy* 

This alloy is a high-strength corrosion-resisting one possessing 
good electrical conductivity and ductility. Its percentage composition 
is as follows : Cu, 89 ; Al, 9 ; Ni and other metals, 2. It contains no 
tin, lead, zinc or antimony. 

The colour is silvery gold. 

♦ Batterium Ltd. 
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The specific gravity is 7-67 ; melting point, 1035° C. ; tensile 
strength, 34-45 tons per sq. in., with 35 to 48 per cent elongation; 
Brinell hardness, 158-168; thermal coefficient of expansion, 0*0000162 
per deg. C. 

The resistivity is 13*21 microhms per cm. cube at 20° C. The rela- 
tive conductivity is about 15 per cent of that of copper. 

The alloy retains a high percentage of its tensile strength at elevated 
temperatures. Thus at 400° C. the tensile strength is about 24 tons 
per sq. in. with 28 per cent elongation (on 1 J in.) ; the Brinell hardness 
is 158 to 167 at this temperatxme. 

Batterium resists corrosion and erosion of alkalis and acids and for 
this reason is used in the construction of chemical plant. It is readily 
welded and can be machined with ordinary tools. It is available in 
sheets, seamless tubes, extruded rod, castings, forgings and stampings. 
Typical uses are for plug cocks and wheel valves for chemical plant. 

Electrical Contact Metals 

The metals used for electrical contacts include platinum and its 
alloys, palladium, rhodium, iridium, gold, ruthenium, tungsten, nickel, 
copper and silver alloys. The particular metal or alloy used depends 
upon the seryice conditions and involves considerations of the current 
across the contacts, pressure between the contacts, mechanical and 
electrical wear, tarnishing resistance, impact effects, design of the 
contacts, etc. 

In general the platinum group of metals is best suited to contacts 
carrjdng light currents, whereas for heavy currents the silver and 
silver alloys are preferable. 

In instances where the contacts operate under very light pressures 
the platinum alloys are best since they do not form insulating films 
of tarnishing products on the contact surfaces. The platinum alloys 
are also recommended for conditions of heavy wear under severe 
corrosion and arcing circumstances. 

In connection with the arcing limits of contact metals the following 
values* are of interest — 

Platinum ....... 0*8 ampere 

Palladium ....... 0*6 -0*7 „ 

Silver ........ 0’4-0*5 ,, 

Alloy of 6 per cent platinum, 70 per cent gold 

and 24 per cent silver ... . • . 0*2-0’4 „ 

Alloy of 10/1 gold -platinum .... 0*6-0*7 „ 


♦ ** Contacts Suitable for Instruments,” H. Williams, Journ, Scieni. Inata.^ 
September, 1934. 
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An inductive energy of 0*26 joule should not be exceeded between 
the contacts. For severe impact conditions such as those experienced 
with high-speed petrol engine ignition contact breakers, tungsten — 
which has the high melting point of about 3000° C. and great hardness, 
viz. about 290 Vickers pyramid hardness number — is often employed. 
The current values in these applications are low, since, for high 
amperages and low voltages, tungsten tends to form high resistance 
oxides ; it has also a relatively high electrical resistance. 

In order to obviate the latter disadvantages combinations of tungsten 
with silver or copper have been employed, thus obtaining the advantages 
of the high melting point apd hardness of tungsten together with that 
of the low electrical resistance of silver or copper. 

Alloys of tungsten and molybdenum are also employed for contacts 
owing to their high resistance to wear; moreover, the molybdenum 
has only a small effect upon the conductivity of the tungsten. Tungsten- 
nickel is another good wear-resistance contact alloy but it has a higher 
contact resistance than the platinum series. 

Table 104* gives the hardnesses, melting points and specific 
resistance values of the precious metals used for contacts. In regard 
to the specific resistances shown it should be noted that the lower 
these values are the better the metal is as an electrical conductor. 
The thermal conductivity, upon which the heat dissipation of the 
contact metal depends, is approximately in inverse proportion to the 
specific resistance ; thus, good electrical conducting metals are also 
good heat conductors. 

Platinum, This metal has a melting point of 1755° C. and a hardness 
value of 47 (Vickers pyramid diamond value). It is extremely ductile 
and malleable, but is too soft for most contact piuposes although 
still used for certain relay contacts. It is usual to alloy platinum with 
other metals such as iridium, rhodium, tungsten, ruthenium, osmium, 
gold, silver, nickel and copper for electrical contacts. 

The effect of alloying platinum with iridium is to harden it, to 
increase the melting point and the specific resistance, as the percentage 
of iridium is increased ; some values of these quantities are given in 
Table 104. 

When more than 12 per cent of iridium is present the alloy in the 
annealed state has an increased tensile strength. When copper is alloyed 
with platinum the electrical resistance is increased to a marked extent, 
a resistance per mil. ft. of approximately 54 ohms being obtained; 
moreover the alloy is much harder than platinum, namely, about twice 
the Vickers pyramid diamond value. 

♦ Electrical Contacts in Precious Metals (Johnson, Matthey Ltd., London). 



324 


ENGINEERING MATERIALS 


TABLE 104 

Properties of Electrical Contact Metals 



Hardness 

(Annealed) 

Vickers 

Pyramid 

Numeral 

Approx. 

Melting 

Point 

"C. 

Specific 
liesistance 
at 18^ C. 
Microhms 
per cm. 
cube 

Pure Metals — ' 




PI itinuiyi ..... 

47 

1755 

10-5 

Iridium ..... 

421 

2290 

5-3 

Palladium ..... 

03 

1549 

10-7 

Gold 

23 

1063 

2-4 

Silver ...... 

23 

061 

1-6 

Alloys — 




Commercial platinum 

55 

1755 

11-4 

10 per cent iridio-platinum 

110 

ISIO 

23*6 

20 per cent iridio-platinum 

200 

18.35 

30*6 

25 per cent iridio-platinum 

250 

18 70 

31-8 

30 per cent iridio-platinum 

200 

1885 

33- 1 

H.S.F. platinum alloy (contairiintr 




tungsten and iridium) . 

130 

1800 

22-2 

Platinum-iridiurn-rutlienium alloy 



1 

(“IRHU”) 

300 

1890 

1 300 

Platinum-iridium-osmium allov : 

Approx. 

Over 


No. 540 . . , \ . 

500 

2000 

— 

Platinum-gold-silv’er alloy . , j 

70 

1120 

1 16-8 

Palladium-copper alloy No. 00 

130 

1240 

350 

33 per cent platinum -sih er 

100 

1200 

32-4 

Pall idium-silver alloy : 




No. 501 . . 

71 

1030 

1 3-8 

No. 502 

100 

1070 

5-8 

No. 50.3 

165 

1160 

1 100 

5 p T cent gold-silver 

27 

970 

2*6 

10 per cent gold -silver 

28 

980 

3-6 

30 per cent gold-silver 

.37 

1027 

7-3 

70 p r cent gold-silver 

72 

1060 

10*4 

Copper-silver alloy No. 510 

75 

890 

20 

Copper-silver alloy No. 520 

lOS 

820 

21 

Standard silver (02*5 per cent) 

50 

894 

1*9 


Nickel and cobalt are also used as alloying elements, the 10 per 
cent nickel alloy having a lower resistance than the corresponding 
cobalt one. 

Ruthenium and osmium have an even greater hardening effect on 
platinum than iridium. 

These hardened platinum alloys are used for magneto contacts, 
vibrator adjusting contacts and similar items requiring rapid making 
and breaking of electrical circuits under relatively heavy impact 



SOMK OTHER ENGINEERING ALLOYS 


325 


> conditions, where corrosion resistance is required to be of a high order. 
The 15 to 20 per cent iridium alloy has been widely employed for these 
pur|30ses. The precious metal contact is welded to a base metal 
shank or screw end as illustrated by the examples given in Fig. 146.* 
In connection with the platinum^rhodium alloys of varying rhodium 
content it has been shown that the microstructure of each alloy appears 




Fkl 146. Types of Elkctiucal Contacts 
T h(* contact metal is slumn in black 


to be that of a solid solution and the tem])erature coetheient of resist- 
ance is a minimum for alloys having 20 to 40 per cent of rhodium : 
the resistivity is at its maximum between 10 and 40 per cent. 

The results of a comprehensive series of tests on platinum and some 
palladium alloys made by K. M. Wise and J. T. Easht are given in 
Table 105. The tests were carried out on these alloys in the form of 
wire of 0*071 in. diameter in the annealed condition, and cold-drawn 
to a diameter of 0 050 in., corresponding to a reduction in area of 50 
per cent. At the latter diameter the wires were tested in the drawn 
(condition and also after annealing, usually for 5 minutes at different 
temperatures in an electric furnace. 

The results given indicate that nickel exerts a very pronounced 
hardening effect on platinum ; the strengthening effects of palladium, 
iridium, rhodium and ruthenium are also shown. 

Platinum-gold-silver alloy (see Table 104) is used in telephone 

♦ American Machinist, 

t Tech. Pubn. No. 584, Amer, Inst. Mining and Metall. Engrs,, 1935. 
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manufacture for the small contacts used for telephone relays, voice 
frequency relays and similar apparatus. It is a hard alloy and less 
expensive to use than platinum, but its arcing resistance is rather 
lower. It possesses very good corrosion resistance and is considered 
the next best metal for contact purposes to platinum. 

TABLE 106 

Properties of Platinum Metals and Alloys, Cold-drawn 
(50 PER CENT Reduction) and After Recommended Anneals 


Material 

Recommended 

5 min. Anneal, 
“C. 

Limit of Pro- 
portionality, 
lb. per sq. in. 

Ultimate Ten- 
sile Strength, 
lb. per sq. in. 

Elongation, 
per cent 
on 2 in. 

Reduction 
of Area, 
per cent 



27,000 

36,000 

2-5 

95 

Com. pure Pt 

9oa-iooo 

10,000-5,300 

24,000-22,000 

24-34 

92 



27,000 

36,700 

3*5 

96 

No. 1 Pt . 

1050-1100 

8,500-6,500 

25,000-23,000 

21-29 

94-95 



53,000 

69,100 

20 

92 

Pt 95, Ir 5 . 

1100-1200 

23,000-18,000 

41,500-39,000 

23-32 

95-94 



54,000 

82,200 

2 5 

94 

Pt 90, Ir 10 

1100-1200 

36,000-30,000 

55,000-53,000 

25-27 

95-94 



100.900 

140,500 

2 5 

84-5 

Pt 80, Ir 20 

1200-1400 

62,000-59,000 

102,000-93,000 

21-20 

89-88 



55,600 

84,300 

30 

90 

Pt 90, Rh 10 

1100-1200 

22,000-17,000 

49,000-47,000 

25-37 

93-94 



51,900 

85,000 

1-75 

87 

Pt 75, Pd 20, Rh 5 

1000-1100 

23,500-17,000 

57,000-53,000 

23-29 

91-94 



70,000 

103,100 

20 

84 

Pt95, Ni6 

1000 

33,000 

65,000 

23*5 

93 



31,800 

46,900 

15 

91*5 

No. 1 com. Pd. . 

800-900 

5,000 

30,000 

39-41 

92-89 



46,050 

61,000 

20 

88-5 

Pd 95, Rh 3, Ru 2 

1000-1100 

16,000-15,500 

46,000-41,000 

30-36 

92-88 



46,300 

71,500 

30 

84-5 

Pd 95. Ru 4, Rh 1 

1000-1100 

28,000 21,000 

59,000-55,000 

23-26 

84 


Note, Upper values are for the 0 05 in. drawn wire and lower values for the annealed wire. 


Palladium-copper alloy (see Table 104) has been specially developed 
for use in light-duty contacts employed in telephone relays. 

The silver alloys containing small i)ercentage8 of platinum, palla- 
dium or gold are cheaper than the platinum ones and possess high 
electrical conductivity. They are harder and have greater corrosion 
resistance than pure silver. 

Standard silver is an alloy of silver with 7-5 per cent copper. It is 
cheaper than pure silver and is used for the contacts of wireless set 
switches and thermostatic devices, where the main considerations are 
rapid dissipation of heat from the contact surfaces combined with 
good wear resistance. 

An alloy of 70 per cent silver, 25 per cent palladium and 6 per cent 
cobalt possesses good properties in regard to corrosion and wear 
resistance and it is often employed for small electrical contacts. 
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Sparking Plug Electrodes 

The requirements for these electrodes are that they shall be able to 
withstand the erosion effects due to the high combustion temperatures 
and sparking voltages ; the latter are of the order of 8000 to 16,000 volts. 
Further, they must be able to resist erosion effects of leaded fuels. 
The metals that have been tested* for sparking 
plug electrodes for aircraft engine use include 
ferrous alloys, nickel -chromium alloys, Stellite, ^ ij 

tungsten, nickel and nickel alloys with more than ( 

95 per cent nickel. The results of actual tests in 
engines running on leaded fuels indicated that 
tungsten showed the least erosion and pure nickel 
was next in order to it. None of the materials 

showed any signs of chemical attack and the 1^7. Platinum- 

erosion was confined to a small area. 

Tungsten, however, is not altogether suitable 
for electrodes since it requires a high sparking voltage ; in addition it 
is too brittle to permit the bending over of the electrodes for gap- 
adjustment purposes. 

High nickel alloys are particularly well suited to sparking plug 
electrodes on account of their high resistance to erosion and the low 

sparking voltage needed. They can be 
~ used for adjustable electrodes in the 

form of inserts in a steel central 
member and in the sparking plug shell ; 
these alloys can readily be worked and 
bent for adjustment. 

Platinum and platinum-iridium 
alloy electrodes have been used in 
some more recent designs of sparking 
plugs on account of the high erosion 
resistances, namely, about four to five 
Fig. 148. K.L.G. Sparking times that of pure nickel. The alloy 

IRIDUTM Emctrodes favourcd is the harder 20 per cent 

iridium one. Fig. 147 illustrates the 
Lodge sparking plug electrodes consisting of three square sectioned 
wires of platinum-iridium, whilst the K.L.G. six-electrode plug is 
shown in Fig. 148. 

Mention should also be made of the nickel-barium alloys, containing 


Fig. 148. K.L.G. Sparking 
Plug, with Six Platinum- 
iridium ElECTRODEvS 


* “Erosion of Sparking Plug Electrode Materials,** W. R. Debenham and 

F. G. Haydon, Aeron, Research Committee R, and Af., No. 1744. 
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from 0*1 to 0*2 per cent barium which are now widely used for sparking 
plug electrodes. An account of these alloys is given on page 222. 

Thermostatic Metals 

Although these metals are not alloys a brief account is here included 
in view of their importance in engineering and industry. 

The names ''thermometaV therinostatic metaF' are given to 

strips of metal made up of tw^o dissimilar metals bonded together by 
soldering, brazing, welding, rolling or sintering. Assuming that the 
component metals have different coefficients of thermal expansion, 
when a flat bimetallic strip of this nature is heated uniformly, owing 
to the differential expansion effect, the strip w'ill assume a curved 
shape, the movement being accompanied by the exertion of an appreci- 
able force. This movement, due to temperature increase, may be 
utilized to perform operations such as opening or closing of electrical 
circuits when a given temperature is attained; opening or closing 
valves for regulating the flow’ of liquids or gases : indicating actual 
temperatures, for thermometers and pyrometers ; operating time 
switches, and for numerous other purposes. 

It is not difficult to estimate the deflection of a bimetallic strip 
when the dimensions and linear expansion coefficients are known ; in 
this connection a straight narrow strip will form an arc of a circle 
when heated. Since, how^ever, the bimetal will deflect acToss its 
width as well as along its length, a flat section will become curved 
on heating ; by increasing the ratio of thickness to width, however, 
this effect will be minimized. In most instances this cross-bending 
effect can be neglected except in the case of bimetallic strips made into 
the form of helical coils or spirals. The latter, when heated, produce 
a rotary motion effect; in such coils the cross-bending may either 
assist or oppose the longitudinal forces tending to deflect the strip. 

In regard to the selection of suitable materials the greatest deflec- 
tion of a given bimetallic strip will occur when the difference between 
the expansion coefficients is a maximum, so that for this result the 
expansion coefficient of one metal should be a maximum and that of 
the other a minimum. The deflection of a flat-section bimetallic strip 
will vary as the square of the length and inversely as the thickness 
according to the following relation — 

^ k . 


where d = deflection ; and the final and initial temperatures ; 
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L the length, and t the thickness of the strip ; A: is a constant depending 
upon the metals used. 

The values of the linear expansion coefficients* for some of the 
more common metals are given in Table 203. 



Fig. 149. Kxamplks showing somk Diffkrent Fokms of 
The kmostatic M et al K lem en ts 

TABLE 203 

Coefficients of Linear Expansion 


Motiil ' Coefticioiit 


Iron 

Nickel , 
Copper 
Silver 
Tin 

iMagncsiuin 

Ahiininiiini 

Zinc 

Lead 


0 0000119 
0'0000137 
00000 1 00 
0-0000188 
0 - 1)000210 
0-0000259 
0-0000230 
0-0000203 
0-0000284 


The high nickel steels, with 35 to 40 per cent nickel, have very low 
expansion coefficients, namely, from 0*0000009 to 0-0(KXK)(>. 

There is a wide range of commercial thermostatic metals on the 
market available in the foi*m of strips made to various shapes, spirals 
♦ Physical and Chemical Constants^ Kayo and Laby. 


TABLE 106 

PeOPEETIES of WiLCO XkEEMOMETAL 




w = width; Tj — Tj = temperature change in °F. ; d = deflection of free end in inches; p — pull in ounces at free end; = angular 
rotation in degrees; M — torque in oz. in. ; t = thickness in inches; L = length in inches. 
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and helices, under the name Wilco Thermometal;* it is therefore 
possible to select the most suitable type of bimetal for any particular 
application. These thermometals are made for various temperature 
ranges of maximum sensitivity, namely, from 0° F. to 300° F. up to 
300° F. to 650° F. 

The properties of the thermometals as known by their trade names 
are given in Table 106. The values of the constants used in the formulae 
for deflection, pull and torque are also shown in the table. 

It is not possible to enumerate all the applications of thermostatic 
metals, but the following is a small selection : Automatic control of 
exhaust heat to carburettor; automatic carburettor choke control; 
oil gauges ; temperature compensation for hydraulic shock absorbers ; 
radiator and cooling system temperature control in automobile and 
aircraft engines; altitude indicators; circuit breakers; electric 
clocks; electrical measuring instruments; recording thermometers: 
radiator shutter controls ; fire extinguisher actuating controls ; 
time relays; vulcanizers; gas regulators for constant temperature 
conditions; electric iron heating controls; oil burners for boilers 
controls ; overload relays ; refrigerator heater controls ; percolators ; 
electric heaters; transformer indicators; room temperature regula- 
ting thermostats ; steam traps ; sign flashers : signal devices ; water 
heaters — gas and electric. Special thermostatic metals are also avail- 
able for use in corrosive atmospheres and for high temperature steam 
purposes. 


* H. Wiggin & Co., Ltd. 
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Antimony 

Antimony is a bright bluish-white crystalline metal belonging to the 
same group of elements as nitrogen, bismuth, arsenic and phosphorus. 

It has a specific gravity of 6*7 to 6*86 and melting point of 630° C. ; 
it boils at about 1300° C. and volatilizes at 1500° C. 

The specific heat is 0*051. 

The coefficient of linear expansion is 0*0000108 per deg. C. 

The electrical conductivity is 41*7 microhms per cm. cube. 

The principal engineering uses of this metal, some of which have 
previously been referred to, include its application to alloys such as 
type metal, stereotype and Britannia metal, all of which give fine 
sharp castings. It is also useful as a hardening element in lead and is 
employed in certain bearing metals of the lead -tin class. 

Antimonial leads are employed for shrapnel bullets, storage battery 
plates, sheet lead for acid chambers, cocks and valves in acid plant, 
for electric cable sheathing and lead pipes. 

An interesting use of antimony is for producing the appearance of 
polished steel on papier mach6. 

Antimony and bismuth are used as the elements of a thermo-couple 
for detecting small changes of temperature. 

The salts of antimony have important industrial uses, notably in 
the vulcanizing of rubber, as paint pigments, glass colouring media, 
matchbox striking surfaces, mordants, primers of explosive shells, etc. 

Beryllium 

This is a hard steel-grey metal having a specific gravity of 1*84, 
being appreciably lighter than aluminium. It has a melting point of 
about 1285° C.* Its specific heatf between 0°C. and 100° C. is 0-425. 

The metal is extracted from its ore, beryl, by various methods, but 
is difficult and expensive to obtain in a high degree of purity, the 
principal impurities being oxygen, iron, carbon, aluminium and nitro- 
gen. By special methods involving the elimination of the oxygen a 
purity of 99-9 per cent has been obtained. J The Brinell hardness of this 

♦ “Beryllium,” The Metal Industry, 2nd August, 1929. 

t Kaye and Laby. 

j “Researches on Beryllium,” H. A. Slornan, Journ, Inst. Metals, 1932. 
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metal was 60 to 65 and it could be bent backwards and forwards many 
times before cold- working led to fracture. While the metal was found 
to be harder than copper or silver it was ductile in the pure form. The 
brittleness usually ascribed to beryllium is believed to be due to the 
presence of two allotropes, one hard and the other soft, and to the 
presence of impurities exceeding 01 to 0*5 per cent. 

Whilst many claims have been made for beryllium as a possible 
rival to aluminium and magnesium in connection with strong light 
alloys it has, to date, proved rather disappointing and has as yet 
found no industrial applications in this field. 

Its principal value, however, is when present in amounts up to 
about 3 per cent in copper- and nickel-rich alloys. Thus, as show'n in 
Chapter V, the berjdlium- copper alloys have found many important 
applications as spring materials having superior strength properties 
to phosphor bronze ; also for bearings, bushings, and certain types of 
gears. 

Beryllium- bronze chisels will readily cut mild steel and are n<m- 
sparkingy so that they can be used in the vicinity of explosives or 
inflammables. 

Beryllium -cop|x?r alloy is also employed for cast moulds used in 
making plastic material objects ; and for resistance welding electrodes. 

Beryllium steels, referred to in Volume T, have also important 
uses on account of their high corrosion resistance and strength pro- 
IKirties. Beryllium can be plated on to cop^ier, nickel, iron and alum- 
inium by using a fused bath containing beryllium -oxy fluoride together 
with an alkali fluoride at a temperature of about 600° C. Copper 
conductors thus coated possess the high strength determined by the 
beryllium-bronze coating and the hardness of the latter can be increased 
by suitable heat- treatment. The coated copper conductors, whilst 
having the conductivity of the copper core, are stronger than copper, 
and so are suitable for overhead telephone and pow'er lines. 

Beryllium possesses deoxidizing properties which have proved 
useful in connection with the making of cast copper moulds and other 
copper castings. It has been found that 0*01 per cent of beryllium 
gives a dense, smooth and flawless casting of high electrical conduc- 
tivity. 

Beryllium-silver alloys have been found to have good tarnish 
resijtance qualities; from 3 to 6 per cent of beryllium by weight 
renders silver immune from the tarnishing action of sulphur compounds. 

Pistons for petrol engines^ possessing good corrosion resistance and 
much lighter in weight than those of aluminium alloys, have been 
made of an alloy consisting of 67 per cent beryllium and 33 per cent 
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aluminium. The tensile strength at 260° C. and the Brinell hardness 
value after heat-treatment are about the same as for the forged 14 
per cent silicon-aluminium alloy. On the other hand the thermal 
conductivity of the beryllium alloy is only about one-half that of the 
latter alloy so that suitable design alterations are necessary to ensure 
that the pistons do not operate at appreciably higher temperatures. 

Bismuth 

This is a lustrous greyish-white brittle metal with a slight red 
tinge, belonging to the same chemical group as antimony. It has an 
atomic weight of 208, specific gravity of 9*9 and a low melting temper- 
ature, namely, 269° C. 

It is a hard metal but owing to its brittleness can readily be 
powdered ; it is neither ductile nor malleable. 

The specific gravity of the molten metal is 10*055 and, as previously 
stated, that of the solid metal is 9*9, so that it expands on solidification 
by about 2*3 per cent of its volume. The molten metal can be poured 
at 6° C. below its solidifying point and still remain liquid, but the 
temperature rises when it solidifies. 

The specific heat is 0*0305 between 20° C. and 100° C. 

The coefficient of linear expansion is 0*0000139. 

Its electrical conductivity is 1*3* and heat conductivity 1*8 (silver 
= 100) ; these are about the lowest values of the metals. 

Bismuth is the most diamagnetic metal known, i.e. in its power of 
being repelled by a magnet. 

On exposure to air bismuth oxidizes slightly. When heated to 
redness it bums with a bluish flame forming a bismuth oxide known 
as “flowers of bismuth” (Bi^Oj). 

Bismuth has many uses for medical, surgical, electrical and engin- 
eering alloy purposes. 

It is employed for making fusible alloys, heat-treatment molten 
alloy baths, electrical fuses, stereotype metal, bismuth-bronzes, 
bismuth-cadmium low melting point alloys (below 100° C.), solders 
and castings. 

Cadmium 

Cadmium is a bluish-white metal obtainable commercially from 
99*5 to 99*9 per cent purity and having a brilliant crystalline fracture ; 
it emits a rustling sound resembling the “cry” of tin when bent. 

It has an atomic weight of 112*41 and a specific gravity (cast) of 
8*604 ; in the hammered condition the specific gravity is 8*69. 

* 120 to 160 microhms per cm. cube. 
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The specific heat from 0° C. to 100° C. is 0 0548. 

The specific resistance is 6*2 to 7*0 microhms per cm. cube. 

The melting and boiling points are 321° C. and 785° C. respectively. 

The latent heat of fusion is 13*00 cal. 

The tensile strength of the hammered metal is about 6 tons per 
sq. in. with 44 per cent elongation on 3 in. gauge length. 

Its malleability is such that it can be beaten out into thin foil ; it 
can also be drawn out into very fine wire. 

The hardness of cadmium in the annealed state is 21*3 to 25*5 
Brinell. The coefficient of linear expansion is 0*0000306 per deg. C. 
[0° C. to 100° C.]. 

Cadmium is soluble in dilute acids with the formation of the 
corresponding salts ; dilute nitric acid is the best solvent. From such 
solutions zinc will precipitate the metal in tree-like or dendritic 
form. 

Cadmium, as previously mentioned, forms a number of very useful 
alloys. These include copper -cadmium containing about 1 per cent 
cadmium which is used for the trolley wire on electric tramway 
systems; cadmium solders used instead of tin solders when tin is 
scarce ; cadmium-gold alloys of greenish colour used in jewellery ; 
cadmium-silver alloys of excellent malleability used for certain 
domestic articles made by spinning and drawing; also for stain- 
resisting silvers ; bearing alloys of low^ coefficient of friction ; fusible 
allof/Sy such as bismuth-lead-cadmium, bismuth-tin-cadmium and 
lead- tin- cadmium, for fusible plugs in fire-resisting plant and safety 
devices and electric fuse wires ; cliches used to a considerable 
extent in newspaper printing where metal copies are taken from 
impressions stamped in papier mache by a hard type set ; also 
fusible alloys employed in wireless telephony and for crystal detector 
settings. 

Cadmium* is also used in the manufacture of tungsten lamp 
filaments. An alloy consisting of 42 parts cadmium, 53 parts mercury 
and 30 parts of tungsten is ground and heated in a mortar ; afterwards 
it is extruded into wire, and finally heated to drive off the alloy and 
finished by heating in a vacuum to solidify the tungsten. 

Mercury cadmium alloys are used in standard electric cells. It is 
also employed in the oxide form with powdered zirconium silicate in 
making high temperature-resistor material for use in electric furnaces. 
It has a low negative temperature coefficient of resistance, even at 
1000° C. Cadmium vapour arc lamps give a strong monochromatic 

* A fuller account of the applications of cadmium is given in “A General 
Survey of Cadmium,” by C. F. Moore, Joum, Jun, Inst, of Engrs., 1928. 
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red light. Cadmium is also used in association with tin, lead and 
antimony to make alloys for electric cable covering. 

Cadmium salts, such as the sulphide, are used for making paints. 
The sulphide gives a range of colours from lemon yellow to deep 
orange red. 

A coating of the paint is given to street cars and vehicles over a 
coat of chromium yellow or a cheaper body, and the cadmium sulphide, 
being entirely unaffected by hydrogen sulphide, keeps its yellow colour 
with great permanency. The sulphide is also used for tinting rubber 
goods, toilet soaps, and candles, and finds emplo3maent in pyrotechny 
on account of the rich blue flame produced during combustion. 

Cadmium in various forms is used for colouring glass, porcelain, 
etc., and in the preparation of enamels. It has been employed to 
produce some beautiful coloured enamels consisting of cadmium 
sulphide and selenide combined together; these have been to some 
extent used for the decoration of articles of jewellery. 

During the 1914-18 war, small arms arnmunition was provided with 
a cadmium band on the hard jacketed cartridge ball, which then 
took the rifling with little wear on the barrel, and thus prolonged the 
life of the gun; for this purpose large quantities of cadmium were 
imported by Germany before the war. Also there was considerable, 
employment of smoke bombs for signalling during the 1914-18 war, 
in which cadmium was an important smoke-producing component. 
Sporting shot and rifle bullets are coated by electro-deposition. 

Cadmium Plating, Cadmium is used as a protective coating for 
steel and brass parts. Although not so hard as chromium it is easier 
to apply and if more expensive by weight the cost of the plating per 
unit area is no more than that of nickel plate owing to the thinner 
coating required. 

Although it will not give such a high polish as nickel, cadmium v ill 
provide satisfactory polished coatings for most purposes ; it maintains 
its colour satisfactorily. After exposure to the atmosphere it becomes 
dull in time, due to the formation of an oxide film, but the latter 
affords a protection against further attack. 

Cadmium plating will withstand the usual salt-spray test from 
50 to 100 hours ; it is, however, attacked by most acids, but is superior 
in its resistance qualities to zinc ; moreover, it is very resistant to 
alkalis that readily attack zinc. 

Owing to its high electro-chemical equivalent, which is twice that 
of nickel, copper, or zinc, cadmium is deposited more rapidly than 
these metals under similar plating cmrent conditions. 

A cadmium film of 0-0002 in. thickness is considered satisfactory 
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for protective purposes, whereas in the case of nickel a coating of 
0*001 in. is necessary. 

Cadmium can also be used as an undercoating for deposits of other 
metals, and nickel can be deposited more easily on cadmium than on 
zinc: the use of “nickel-over- cadmium” coatings is recommended 
where a nickel finish with rust protection is desired. 

Articles to be cadmium plated must be thoroughly cleaned, one 
satisfactory method being to immerse them in hot caustic potash 
solution, wash in cold running water, dip in dilute hydrochloric acid, 
ai d fir. ally again wash in cold running water. From the pickle dip — 
which produces a uniform bright surface — the parts go into a cold 
solution of cyanide of potassium or cyanide of soda in water, the 
latter being less expensive than the potash. The cyanide dip removes 
any renriining film left from the air or acid. The acid pickle is not 
nquircd for br.^ss parts, as the alkaline dip gives a satisfactory clean 
a d bright siiif ..c;e. No ui.di rcoat of copper or other metal is needed 
fc.r pi; g ' drnii rn on iron ai d steel. Plating baths may be either 
a* id (r alkali c, he l. ttcr b ing largely used. The alkaline bath 
coi sists cl a wa (r s( In i( n t f ]h tassium cyanide with the addition of 
caustic s(;da. 

A most satisfac^tory electrolyte to give a fine-grained deposit, 
according to sonu^ authorities, is a double cyanide of sodium and 
cadmium, in which the cadmium ion content is low. One satisfactory 
plating solution consists of: water, 1 gal.; sodium cyanide, 9 oz. ; 
cadmium oxide, 1 oz. ; ])otassium hydroxide, 1 oz., and } oz. “bright- 
ener” (black molasses). For mechanical plating the sodium cyanide 
should be increased to 12 oz. and the cadmium oxide to 3 oz. ; the 
“brightener” should be reduced to I oz. 

A current density of G to 20 amperes per sq. ft. and a voltage of 
5 to 6 across the bus-bars appears to give the best results. If the parts 
are moving, or the solution is agitated, the current density can be 
increased, with consequent reduction in time required for plating. 
The solution may also be used either cold or hot. With a hot solution 
the time of plating can be reduced considerably. Ordinary still-tank 
plating with a cold solution gives a plate about 00002 in. thick in 
about 15 minutes. After the parts are removed from the x)lating bath, 
they are rinsed in cold water and then in hot water to aid the drying. 

Cadmium plating is extensively employed for such articles as wireless 
components, domestic appliances, typewriters, calculating and cash 
registering machines, various types of instrument parts, for replacing 
nickel plate on metal toys, for automobile and aircraft parts, screws, 
nuts, pins and washers, etc. 
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Cobalt 

Cobalt is a brilliant silvery metal of atomic weight 59 and specific 
gravity 8-6. It melts at 1490® C. 

The commercial cobalt contains about 96/98 per cent of the metal. 

In regard to its physical and mechanical properties cobalt is, after 
iron, the most magnetic metal; further, it retains its magnetism up 
to about 1000° C. At 1115° C. it becomes non-magnetic. 

Cobalt forms one of the constituents of an excellent magnet steel 
known as cobalt steel, particulars of which are given in Volume I 
of this work. 

The following are the principal properties — 

Tensile Strength (Cast) . . . 15*0 tons per sq. in. 

„ „ (Annealed) . . 16 0 „ „ 

.. „ (Rolled) . . 440 „ „ 

Brinell Hardness .... 124-lSO ,, „ 

Specific Heat (15^-100° C.) . . . 0-107 

Specific Resistance .... 9-71 microhms per cm. cube 

Temperature Coefficient of Resistance 

(O^-ieO*^ C.) 0-0033 

Cobalt is an important element in certain tool steels, as it improves 
the cutting properties. It forms a constituent of Stellite, a well-known 
extremely hard metal-cutting material having cutting properties 
superior to the best high-speed tool steels. 

Cobalt is used as an electrical alloy, known as Cochrome, in 
place of the resistance material Nichrome for electric heaters and 
stoves. 

The cobalt K.S. steel, now widely used for magnets, in the tempered 
condition has a coercive force three times that of the best tungsten 
steels. 

Cobalt is also used for protecting the surface of iron and steel 
parts exposed to corrosive influences. It is deposited, electrolytically, 
about 15 times as rapidly as nickel. Cobalt plated parts have a whiter 
appearance and are harder than nickel. 

Chromium 

Chromium is a steel-grey metal of extreme hardness obtained from 
chrome iron ore (chromite) ; it is much harder than steel, and will 
scratch glass. If the metal contains carbide impurities it is even 
harder and approaches diamond in this respect. 

Chromium has a specific gravity of 6*92, and melts at 1520° C. 
Its specific heat at 20° C.-^fiO® C. is 0*104. 

Its electrical resistivity is 2*6 microhms per cm. cube. 

Chromium has many engineering applications as a constituent 
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of alloy steels in association with nickel, vanadium, or molybdenum. 
It also gives stainless and heat-resisting properties to certain steels. 

Chromium confers high electrical resistance properties on nickel, 
well-known examples being Nichrome, Fer-Nichrome, and Kromore; 
such alloys are used for heating elements of electric stoves and fires. 

Chromium also forms an important constituent of chromium 
magnet steel, a much used substitute for ordinary steel on account of 
its better magnetic properties. 

Chromium Platiug. One of the most important applications of 
chromium, however, is in connection with the plating of other metals ; 
in this respect it is superior to nickel as it does not oxidize in air to 
any appreciable extent. When electro-deposited, chromium is an 
attractive metal, slightly bluish in tint, and extremely hard. Although 
chromium itself is so hard, the deposit is usually so thin that an article 
after plating is very little or no harder than before. Thus, if the base 
metal is soft, the finished article is likewise, and may be scratched as 
readily as the original metal. On the other hand, chromium deposited 
on hardened steel cannot be touched with a file. Its hardness has led 
to its extensive use on gauges, which, when electro-plated, for example, 
to a depth of about 0-002 in. with chromium, yield greater service than 
any other gauges so far tested. Gauges thus treated have a very 
enhanced life, and also possess an advantage in that chromium is 
readily attacked by hydrochloric acid. This will not touch steel, and 
it can be used to remove the plating after the gauge is worn, when 
it may be re-sized by a new coating of chromium. It is therefore possible 
to use the same gauge for an indefinite period. Other directions in 
which chromium plating methods have been tried out include the 
coating of the wearing parts of motor-car engines, such as pump-shaft 
spindles, gudgeon-pins, crankshaft journals, cylinder barrels (Listard 
process), etc. Obviously, the application of chromium plating has two 
purposes; one as a permanent decorative effect, and the other to 
prolong the life of wearing mechanical parts. 

The electro-deposition of chromium is conducted on the same 
lines as nickel plating, and similar electro-depositing processes, al- 
though there are certain considerations in connection with the work 
that demand slightly different equipment. 

Chromium plating has been successfully applied to replace nickel 
plating on the motor-car parts that are subject to weathering. While 
nickel-plate tarnishes readily and wears off rapidly under successive 
polishing, chromium retains its brilliancy and needs only an occasional 
wiping with a cloth to remove dust, or the usual application of the 
hose, sponge, or chamois leather to restore the original lustre. Due to 
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its hard sirface there is no danger of wearing or rubbing off the plate. 
The best results are undoubtedly obtained on non-ferrous metals, and 
to-day such articles as water-taps, lavatory and bath fittings, electric, 
gas, ship and hotel ^ fittings, motor-car interior body fittings, are being 
successfully chromium-plated. As a finish for domestic utensils and 
fittings it has a strong appeal to the housewife, since nothing but a 
rubbing with soap and water is required to keep the articles bright 
and clean. 

Chromium coatings when thin are usually not impervious. As a 
depDsit on iron or steel, chromium docs not have a detrimental effect on 
riveting, as the chromium is passive and exerts no such electrolytic 
action as do cadmium and zinc. Such articles as surgical instruments 
and other objects intended for indoor use and alv ays in a dry condition 
may be conveniently coated with chromium, but iron or steel products 
or components subject to conditions likely to promote rusting should 
be preceded by copper and nickel plating. In such applications the 
chromium is especially useful for its tarnish resistance, though it does 
add appreciably to the protection against corrosion by the copper 
and nickel. 

Chromium plating is more expensive than nickel plating. Actually, 
it is usually estimated that the cost is from three to four times that of 
nickel plating, but the longer life of the chromium-plated product or 
component, the elimination of constant cleaning, extreme brilliancy 
of the deposit, and its hardness are claimed to more than compensate 
for the increased cost. 

In connection with the use of chromium for plating automobile and 
aircraft engine gudgeon pins, in order to increase considerably their 
wear-resistance properties, these parts are hardened, ground and lapped 
before plating, the plating requiring only a short immersion in the 
bath. The method employed is automatic, and the coating is about 
0*0001 in. thick on each side. Radiator shells, lamp trimmings, and 
other parts are likewise receiving chromium protection. It is also being 
used on cutting tools. The chromium plating on knives or dies used 
to cut paper and leather is said to add greatly to the life between 
grindings. , In the case of shearing knives, the plating is on the side 
of the knife and the grind is on the edge, so that the (chromium is in 
service indefinitely. The same is true in milling cutters. Chromium- 
plated gear cutters are said to have three to five times the life of plain 
cutters. Drills, micrometers, spindles for machine tools and cylinder 
bores are among other numerous subjects for chromium plating. 

In connection with the nature of the coatings obtained, it has been 
found that chromium when thickly deposited gives a brittle layer; 
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for this reason articles subjected to shock should be given a medium 
to thin coating. 

Generally speaking, the harder chromium deposits are obtained at 
the higher current densities. 

Tn regard to the electro-plating baths, practically all the baths em- 
ployed for chromium deposition appear to be derivatives of Sargent’s* 


Curnnt Density, amp. per $q. dcm. 



Kkj. 151, lLLrSTRATIN(J RELATION BETWEEN (Y'RRENT DENSITY 
AND KfFK’IENC’V tn CHROMirM-PLATTNO BaTHS FOR DIFFERENT 
Temperatfres 


solution, and consist essentially of chromic acid (200 grs. to 600 grs. 
])er litre) with relatively small amounts of sulphuric acid or chromium 
sul])hate (from 2*5 gins, to 10 gins, per litre). Sometimes chromic 
oxide, CVgO-j, is added, but the important factor is the sulphate content 
added to the bath either as free acid or as chromium salt. 

One drawback to chromium-plating proc*esses is the high current 
density required : this is about ten times that of nickel. 

Not only is the current density high, but it is very important to 
ha ve the bath at the correct temperature. Thus, it has lieen authorita- 
tively shown that at 25"' C. a current density of 4 amps, per square 
decimetre gave a bright cdiroinium deposit at about 12 per cent 
eflicaency, but that at a bath temperature of 70"* C. to 80° C. the same 
efficiency was only obtained with 60 amps, per square decimetre. 

Fig. 161 shows the relationship between the current efficiency and 

* “ Bloctrolytio Ohroiniiun,” by CL J. Sargent (.-Darr. Ehctro-chem. Soc.^ 1920, 
vol. xxxvii, p. 479). 
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the current density in chromium-plating baths for different tempera- 
tures. It will be observed that the conditions for obtaining a bright 
deposit are shown on the diagram. It is usual to heat the bath before 
commencing to plate, and to maintain the bath at a uniform 
temperature. 

Chromic acid is particularly corrosive, so that glass vessels are used 
for small baths, but larger ones are often housed in steel tanks or 
lead-lined wooden vats. 

Iridium 

This metal belongs to the platinum group. It has an atomic 
weight of 193 and specific gravity of 22-4. The melting point is about 
2290° C. It is a hard whitish metal resembling steel and is quite 
brittle when cold ; it is malleable at a white heat. 

Iridium is difficult to fuse and is inoxidizable. 

It is employed as an alloy with platinum to give a much harder 
metal for high impact contacts in electrical apparatus, e.g., ignition 
contact-breaker contacts; also for fountain-pen points, watch and 
compass bearings. The iridio-platinum alloy is used in thermo-couples. 

Iridium is not soluble in acids. It forms a useful aeries of alloys 
with copper, lead, gold and mercury. 

Lead 

Lead is a very malleable and ductile metal, having a silvery- white 
crystalline appearance when freshly fractured. 

Lead is not appreciably elastic, and it flows under very low stresses. 

The specific gravity of pure lead is from 11-3 to 11*4 in the solid 
state and about 10*37 in the fluid state, so that there is an increase in 
volume of about 9*9 per cent from the cold solid to the liquid state. 

The tensile strength of lead varies from 1500 to 3000 lb. per sq. in. ; 
the compression strength is somewhat indefinite, but lead in a mould 
will withstand compressions up to 30 tons per sq. in. without breaking 
down, although the metal flows continuously. The flow pressure for 
ordinary lead specimens is 0*75 ton per sq. in. The value of E is 
0*72 X 10® lb. per sq. in. 

The fatigue limit of pure lead is about ± 400 lb. per sq. in. 

The Brinell hardness, using a 1 cm. ball with 100 kg. load, is from 
3*2 to 4*5. 

The coefficient of linear expansion of lead is about 28*4 X 10 ® per ° C. 

The thermal conductivity of pure lead at 16° C. is 0*083, and at 
100° C. the value is 0-082,* 


* Kaye and I>aby. 
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The melting point of lead is 327° C., and the boiling point at 
atmospheric pressure 1526° C. 

The specific heat of lead is 0*0305 between 20° C. and 100° C., and at 
300° 0. its value is 0*0338. 

The electrical resistivity at 18° C. is 21 to 28 microhms per cm. cube, 
and the temperature coefficient of resistance 43 X 10'^. 

Lead is considered to be self-annealing since after deformation it 
soon recovers its initial softness. 

Lead oxidizes in air and is slightly soluble in pure water, but in 
water containing carbonates or sulphates a coating of these lead salts 
is formed which protects the metal from further action. 

Lead is a constituent of many commercial alloys, such as white- 
metal, bearing metals, lead bronzes, type metal, soft solders, etc. 

Antimony and also tin, as previously shown, have definite harden- 
ing effects upon lead. 

Tellurium in amounts of 0*05 to 0*10 per cent imparts improved 
properties to lead, for the latter then becomes amenable to work- 
hardening and its tensile strength is much higher than that of ordinary 
lead. Tellurium lead is used for sheeting and pipe purposes since 
weight can be saved if the alloy is substituted for lead itself. 

Ternary alloys of lead having 0*5 per cent antimony and 0*25 per 
cent cadmium or 1*5 per cent tin and 0*5 per cent cadmium are also 
much stronger than lead ; such alloys are now used for cable sheathing, 
lead pipe and sheet. 

In regard to the former alloy this has a fatigue limit of ± 1650 lb. 
per sq. in., i.e. about four times that of pure lead. 

Lead coatings are sometimes applied to iron and steel articles for 
protective purposes, and provided that the lead is perfectly alloyed 
or bonded, they are very effective. The electrolytic method of deposit- 
ing lead does not always yield reliable results, the coating being porous, 
so that the lead-dipping process is preferred. 

Term sheeiSy which are frequently employed in place of tinned 
iron sheets, are made by dipping cleaned and pickled steel or iron 
sheets into molten lead. 

Many articles are now coated by first dipping with tin-lead 
alloys and then wiping ; the interiors of domestic iron and cast-iron 
utensils, steel pipe, and other fittings are frequently coated with these 
alloys. 

The “white lead*’ so largely used in compounding paints and putty 
is a mixture of lead carbonate and hydrated lead oxide. It is a poison- 
ous substance, an amount of more than 2 milligrams per day being 
considered a dangerous dose. 
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Manganese 

Manganese is usually employed in the alloyed form, in commercial 
work, with iron, as ferro-manganese or spiegeleisen. The specific 
gravity of manganese is 7*4, and its specific heat at 14° C. to 97° C. is 
0122. 

It melts at 1260° C. and boils at 1900° C. 

Manganese, when alloyed with iron, oxidizes rapidly in the air and 
it is therefore much used as a deoxidizer of molten iron. 

Manganese is present in all steels, whether carbon or alloy, in 
varying small amounts, and it forms a useful constituent. 

Manganese steel contains from about 7 to 20 per c^ent of man- 
ganese, possesses marked strength and toughness and is non-inagnetic. 

When used in copper-zinc or copper-tin alloys it adds to thc^ 
strength and toughness, as in tlie case of manganese bronze. 

Molybdenum 

This important element in alloy tooLand other steels is a hard 
silvery- white metal having a specific gravity of 10*0 and a melting point 
of 24*50° C. 

The specific heat is 0 072 C.G.S. units at 15° C. to 91° C. 

The electrical resistivity is 5*7 microhms j)er cm. (nibe. 

Molybdenum ^can be forlned into wire by hot-drawing from ingots 
made by pressing and heating the powdered metal at a temperature 
below the melting point. These ingots must be worked hot since they 
are brittle w^hen cold. After hot- working has proceeded to a certain 
stage the metal becomes ductile when cold. 

The worked metal can be annealed at about 1050° C. so as to pro- 
duce a fine grained structure. 

The swaged and hot-drawn wire (1(X)0-1300° C.) has a tensile 
strength for wires of 0*025 to 0*125 in. of about 66 tons per sq. in. 
with 4 to 5 per cent elongation. In the annealed condition this value 
falls to about 55 tons per sq. in. with 3 per cent elongation for the fine 
grained metal, and to about 19 tons per sq. in. with 30 per cent elonga- 
tion for the large grained material produced by higher annealing 
temperatures. Molybdenum is used for X-ray targets, but its principal 
application is as an alloying element in steel. 

Niobium 

This silvery- white metal belongs to the same group of elements as 
tantalum, the physical properties of which are somewhat similar. It 
has an atomic number of 41, atomic weight of 92*9 and sj)ecific 
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gravity of 12‘75. Its melting }>oint is 1950° C. and boiling point 
3300° C. The Brinell hardness of the pure metal is about 75. It has 
somewhat renjarkable gas absorption properties which are superior to 
those of tantalum, and is used in the construction of the metal parts 
<)f radio valves. 

Niobium is readily soluble in molten metals at normal melting teni' 
j)eratures. It has special ai)pli(iations as a (‘onstituent in small amounts 
in austenitic stainless steels for ])reveniing “weld decay.” In 6 per 
cent chromium steel its presence increases oxidation resistance at high 
temperatures and shortens the period of annealing necessary for the 
improvement of ductility. I'hese properties are unaffected by welding 
and oxy-acetylene (Hitting. 

The addition of niobium (and also tantalum) to nitriding steels has 
b(^en found to iiuTt\ase greatly tlu^ rate of tliiekening of the nitrided 
skin, so that the ])eriod of time for nitriding can be shortened con- 
sid('mbly ; in this connection a content of 1 per cent niobium is 
sufficient for the purpos<‘. FurtluT nd’erenee to this subject is made in 
Volume 1 of this work. 

Palladium 

This is a rare metal of the |)latinum group, white in colour and 
possessing a certain d(‘gree of ductility and malleabilit\ . It has an 
atomic weight of lOO and s})ecifie gravity of 11-4. 

It is capable, in the spongy condition, of absorbing a considerable 
volume of hydrogc^n ; thus a palladium wire used as the negative 
electrode of an electric etdl will absorb 930 times its own volume of 
hydrogen. Palladium has a melting point of 1549" C. 

The specific resistance at 18° C. is 10*7 microhms per cm. cube. 

Palhulium forms a useful series of alloys with silver for electrical 
contact purpoxses ; such contai ts are harder and less liable to corrode 
than pure silver ones. These alloys are dealt w ith in Chapter IX. 

Platinum 

Platinum is a bright greyish-wtiite heavy metal wdth a s])ecific 
gravity of 21*5 and melting point of 1752° C. to 1750° C. 

It is both malleable and ductile, is heavier than gold and does not 
oxidize or tarnish in the air. 

Owing to its relative softness it is usually hardened by alloying 
with iridium for commercial electrical applicHitions. 

The specific heat is 0 0324 C.G.S. units at 18° C. to 100° 0. 

The coefficient of linear expansion is 0*(XK)00964. This value is 
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practically identical with that of the glasses used in chemical appara- 
tus so that platinum wires for conveying electric currents can effectively 
be sealed into the glass without risk of air or gas leakage. 

The thermal conductivity is 0*166 C.G.S. units at 18° C. and 0*173 
at 100° C. 

The specific resistivity is 11 microhms per cm. cube at 18° and 
14 at 100° C. The temperature coefficient of resistivity is 0*0038 from 
0° C. to 100° C. 

Platinum is unaffected by ordinary mineral, animal and vegetable 
acids, but is attacked by aqua regia. It will withstand exposure at a 
high temperature to attack by a large number of chemicals, but is 
affected at a red heat by alkalis, nitrates, cyanides, phosphorus, 
arsenic, etc. 

On account of its general immunity to chemical action by most 
materials it is employed for crucibles, dishes, foil, spatulas, wire, 
weights, etc., for chemical laboratory and industrial purposes. 

It forms a useful series of alloys with gold, coj^per, silver, nickel 
and certain other metals. In this connection an alloy resembling gold, 
known as “mock gold,” consists of 7 parts of platinum and 16 parts 
of copper (by weight). Platinum alloyed with iridium is used for 
electrical contacts. 

Platinum bronze consists of 1 part platinum, 90 parts nickel and 
9 parts tin. 

Platinum dental alloy consists of 5 parts platinum, 3 parts gold and 
4 parts palladium. 

Rhodium 

This is one of the precious metals of the platinum group. It has 
an atomic weight of 103 and specific gravity of 12*44. It is of white 
lustrous appearance and has a high melting point, namely, about 
1907° C. Although used to ’some extent as a hardening medium in 
certain alloys and in the construction of electrical pyrometers, its 
principal application is for providing an untarnishable plated coating 
on various articles.. This coating is extremely hard; its hardness lies 
between that of chromium and nickel. 

Rhodium owes its “stainless” qualities to the fact that it is a very 
inert element, entirely unaffected by acid action ; thus, whereas plati« 
num is attacked by aqua regia, rhodium is quite unaffected ; similarly 
it is immune to the action of vegetable and animal acids. 

Among the commercial applications of rhodium mention may 
be made of its use far 'plating jewellery, silverware, pen nibs, the 
radiators of expensive cars, precision-measuring weights, parts of 
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microscopes, hydrometers, lens mountings, nautical instruments, 
gauges, microphone parts, musical instruments, camera fittings, sur- 
gical apparatus, safety razors, propelling pencils and metal reflectors. 

In regard to its use. for coating reflectors, for searchlights, cine- 
projectors, floodlights, etc., it not only gives a high polish, but its 
reflectivity approaches closely that of silver ; moreover, it is almost as 
white as the latter metal. The plating process is not a difficult one, 
but certain precautions must be taken to ensure sound results. 

Silicon 

Silicon has a specific gravity of 2*3, and is a iiard element which 
melts at about 1200'^ C.* and boils at about 3500'' C., although there is 
some doubt as to the exact temperatures. 

Silicon is the common constituent of silica (Si02), quartz, and glass, 
all of which are noted for their hardnesses. 

Fused silica is used for electrical insulating at high temjjeratures. 

It has a resistivity of the order of 0 06 ohm-centimetre, and 
this value decreases rapidly at higher temperatures. 

Silica has a dielectric constant of 3*5 to 3*6, and a dielectric strength 
of 600 volts per mil. 

The coefficient of linear expansion from 0*^ C. to lOO'^ C. is 0*50 X 
10 «, and from 0° C, to 1000° C. 0*54 x lO-e. 

The specific heat of crystalline silicon at 57° C. is 0*183. 

Quartz is a form of silica, or oxide of silicon (SiOg), and is extremely 
hard; it occurs in colourless transparent crystals of hexagonal and 
prismatic form! Quartz is often used as a high temperature optical 
substance, for the observation windows of combustion chambers, for 
sparking plug bodies, and similar purposes. 

Fused silica ware is much used in chemical work, and for the 
leads of high temperature electrical thermometers, the exposed bulbs 
of thermometers, etc. 

Quartz fibres can be drawn to very fine sizes, and these are em- 
ployed for the suspensions of optical and electrical instruments. The 
tensile strength of these fibres is about 10 x 10® dynes per sq. cm. 

Silicon has an appreciable beneficial effect upon the strength of 
iron and steel. 

Silicon is employed in metallurgical processes in the form of ferro- 
silicon, silico-spiegel, ferro-silicon-aluminium, silicon-aluminium, etc. 

Silicon bronzes and silicon-aluminium-copper alloys are noted for 
their high tensile strength, hardness, and non-corrodible properties. 

* Kaye and Laby, 

a2 -(T. 5303 ) ii 
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Silver 

Silver has a specific gravity of 10*5 and melting point of 961° C. 

It has the best heat and electrical conductivities of the metals and 
is very ductile and malleable. 

The thermal conductivity at 18° C. is 1006 C.G.S. units. 

The coefficient of linear expansion is 0 0000 188 at 20° C. 

The specific heat is 0*556 at 0° C. and 0*059 at 427° C. 

The specific resistance of 99*9 per cent silver is 1*63 to 1 *66 microhms 
per cm. cube at 18° C. and 2*13 at 100° C. 

The temperature coefficient of increase in resistance from 0° C. 
to 100° C. is 0*0040. 

Silver has numerous industrial applications, some of which have 
been referred to previously in this volume. Thus, it is employed for 
electrical contacts which have to carry heavy currents ; it is, however, 
usual to alloy the silver with other metals such as copper, platinum 
or palladium in order to increase the hardness and corrosion resistance 
for contact purposes. 

In the United States an extensive research on the |)ossible indus- 
trial applications of .silver and its alloys has been undertaken by the 
Bureau of Standards in conjunction with American silver j)n)(iucers. 
Already, it has been tested out with satisfactory results for such pur- 
poses as the main constituent in aircraft engine bearing nudal (used 
in steel-backed bearings) ; for electrical machine slip-rings and silver- 
graphite brushes for rotating electrical contacts ; for lead-silver 
solders with 2 to 6 j)er cent silver as an alternative to lead-tin solders ; 
as a catalyst in the oxidation of ethyl alcohol ; in the form of silver 
salts for fungicides ; for lining cans u.sed for food products and for 
lead-silver battery grids. 

In instances where aluminium sheet or foil has been used for its 
high corrosion resistance or high reflectivity silver plating on various 
metals can be substituted. Silver is also being used as an undercoftiing 
in place of nickel for chrome-plating purposes. 

Experiments have also been made* to determine the strength of 
extruded tubing from an alloy of 3*5 j)er cent silver and 96*5 i^^r cent 
tin. A bursting stress of 2500 lb. pc^r .sq. in., or almo.st <louble that 
of pure tin, was obtained ; this is apparently far in excess of any 
working pressure encountered in distilled- water lines where this 
material is finding commercial use. Tests on threaded joints showed 
that the alloy had a tensile strength 25 per cent greater than joints 
made with pure tin tubing. For certain installations it would seem 


♦ Automotive Industries, 15th August, 1941. 
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feasible to use threaded connections in distilled -wat^r lines if the 
tubing were made of the silver-tin alloy. 

Its use for electro-plated goods, silverware, jewellery and, alloyed 
with 7 to 8 per cent of copper, for coinage purposes is well known. 

Tantalum 

Tantalum is a silvery -white heavy metal, which in recent years 
has become of increasing importance in many fields of application. 
In the pure state it can be hammered, drawn, rolled and generally 
cold-worked : if heated to redness and hammered repeatedly it becomes 
so hard that a diamond will not scratch its surface. This hardening 
effect occurs also when it is (X)mbined w ith carbon ; for this reason a 
small percentage added to certain steels greatly increases their hard- 
nesses. As mentioned in Volume I, tantalum content steel.s and 
carbide alloys are now employed for several important purposes. 

Tantalum has an atomic number of 73 and atomic weight, accord- 
ing to different authorities, of 180*9 to 181*5 ; the differences are 
probably due to the difficulty experienced in obtaining the pure 
metal. 

The spcH'ific gravity is 10*6 so that the metal is a heavy one. 

The melting point is about 2850'' C., so that it is appreciably higher 
than that cjf platinum (1755''C.) and iridium (2290 (\). The boiling 
point is 53(K)^ C. 

The electrical resistivity at 1H“ C. is 14*0 microhms |kt cm. cube 
and the tern |>c?rat lire coefficient l)etw'een C. and 100 C. is 0*0033. 

The coefficient of linear exj)ansion is 0*0000079 per " C., which is 
rather less than that of platinum, namely, 0*00000954. 

The specific heat is 0*0305 C.G.S, units. 

The tensile strength is given* as 00 tons |K^r sq. in. and Brinell 
hardness 75 to 125 for the pure unworked metal. 

Tantalum is unaftecteci by the majority of corrosives, with the 
c^xcepticui of hydrofluoric acid. None of the mineral acids, including 
nqm regin, has any effect upon it : it is similarly immune to chemical 
action by phosphoric and other organic acids such as tannic, 
oxalic, (‘arbolic and formic. It withstands almost indefinitely the 
corrosive action of sea-water, sulphurous gases and industrial 
atmospheres. 

The high strength of the metal jicrmits its use in thin sheets and 
tubes for chemical purposes even when high pressures are employed : 
its good heat conductivity gives it an advantage over glass and 

* “Tantalum and Niobium,” H. Goiulers, Clays and Sfinerals, 

April, 1938. 
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ceramics for many chemical processes. Tubes of 0*015 to 0*020 in. 
thickness will withstand a pi*essure of 150 lb. per sq. in. 

When heated in air above redness it rapidly oxidizes, so that 
annealing and other heating processes must be done in an inert 
atmosphere or in vacuo. 

TantaJurn can be welded satisfactorily if suitable precautions are 
taken to prevent oxidation. The metal is now weldable by electric 
spot, seam, butt and roller processes in inert atmospheres or under a 
liquid surface ; it cannot, however, be welded by oxy-gas methods. 

Tantalum when used in an electrolytic cell in contact with a dis- 
similar metal such as lead allows electric current to flow in one direc- 
tion only; for this reason such a combination is used for small alter- 
nating current rectifiers such as those employed for radio apparatus. 

Tantalum is also used for electrolytic condensers in which the tanta- 
lum elements are made by a powder metallurgy process. These 
elements if punctured by high voltage become self-healing, the film 
re-forming over the hole. 

Tantalum, on account of its physical properties and resistance to 
‘‘dusting,” is particularly useful as a material for lamj) and radio 
valve filaments, anodes and grids: it is, however, more exjKuisive 
than some of the other alternative metals and alloys. 

Tantalum absorbs gases when it is heated ; it is able in this way 
to absorb 740 times its own volume of hydrogen, giving a coarse- 
structured brittle material. 

The tantalum carbides are claimed to be .siq>erior in their metal- 
cutting properties to tungsten carbides when used to “tip” steel 
tools. 

Tin 

Tin is a white lustrous metal, which is soft and fusible ; it jws.sesses 
little strength, and is principally employed in the alloyed form with 
other metals, to which it gives marked ljenefi(?ial propcjrties. 

Tin is commercially supplied in two grades, namely, Grade A, 
assaying not less than 99*75 per cent of ])ure metal, and Grade B, 
assaying not less than 99 per cent of pure metal. 

The tensile strength of cast tin varies from 2500 to 50001b. per 
sq. in., the average value being about 35001b. per sq. in., with prac- 
tically no elongation. 

Tin melts at 232° C. and boils at 2270° C. under atmospheric 
pressure. 

It has a coefficient of linear expansion of 21*65 X 10 

The thermal conductivity of tin at 18° C. is 0*155. 
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The specific heat of tin is 0-0552 between 19® C. and 99® C. 

The electrical resistivity at 18® C. is 11-3 microhms per cm. cube, 
and the temperature coefficient of resistance is 45 x lO*^ between 0° 
and 100® C. 

Compared with silver (100), the electrical and heat conductivities 
are 12-4 and 14*5 respectively. 

The chief impurities in commercial tin are lead, iron, copper and 
arsenic and occasionally sulphur, silver, bismuth and antimony. 

Tin forms an imjxirtant constituent of commercial non-ferrous 
alloys such as the bronzes, gunmetals, Delta metals, bearing metals, 
whiUunetals, solders, pewters, certain nickel silvers, etc. 

Tin is practically non-corrodible under ordinary atmospheric 
conditions, and it is widely used for coating copper and iron, domestic 
vessels, iron and steel sheets, etc. 

Tungsten 

This is a hard grey metal having a high specific gravity, namely, 
18*7 to 19-1 according to the condition, and a melting point of about 
3000® C. ; this is the highest melting point of all the elements with the 
exception of carbon (about 3()00® C.). 

Tungsten ingots used for working are made from the powder 
which is heated to a temperature approac-liing the melting point and 
subjected to pressure. The metal thus formed is malleable and ductile 
when hot, but brittle when cold. 

The coefficient of linear expansion is 0*0000044 at 27® C. and 
0 (HK)0073 at 2027® C. 

The thermal conductivity at ltS®C. is 0*35 C.G.S. units. 

The specific heat is 0*033 (\G.S. units at 20 C. to 100® C. 

The specific resistance at 25® i\ is 5 0 microhms per cm. cube. 

Tungsten possesses a high tensile strength, the actual value of which 
(lefKMids upon the condition of the metal. In this connection the 
following values given by Z. Jeffries* show the extremely high strengths 
of fine tungsten wires (see Table 107, p. 352). 

The drawn tungsten wire am be treated at a higher temperature 
than any other metal without losing the effects of work -hardening. 

Tungsten win' produced by swaging and drawing processes is 
ductile, i.e. it can be drawn again in the cold condition, but it is not 
inalleable for if hammered it splits into fibres. Unlike other metals 
which are annealed— or their ductility restored — by heating to cer- 
tain temperatures, tungsten w’hen thus treated becomes brittle when 
it cools clow n ; it can only be rendered ductile again by hot-working 
♦ Kent's Mecfinnical hhxgineers* Year Book, llth Edit. (Wiley). 
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(below the recrystallization temperature). Tungsten oxidizes slowly 
in air at ordinary temperatures until a protective film of oxide forms, 
when further oxidation is inhibited. It is practically immune to attack 
by hot nitric, sulphuric and hydrochloric acids, but is dissolved by 
hydrofluoric acid containing some nitric acid. It is slowly acted upon 
by hot aqua regia and by hydrogen peroxide. 

TABLE 107 

Tensile Strength of Tungsten 


Condition 

Dimen- 
sions or 
Diam. in 
Inches 

Tensile 
Strength 
Tons per 
sq. in. 

Condition 

Diam. in 
Inches 

Tensile 
Strength 
Tons per 
sq. in. 

Sintered tung- 
sten ingot . 

0-2 X 0-2o 

8-05 

Drawn wire . 

000550 

168-5 

Swaged rod . ! 

0-216 

22-3 

Drawn wire . 

0-00396 

215-5 

Swaged rod . ! 

0-125 

47-7 

Draw-n wire . 

0-00114 

263-0 

Swaged rod . i 

U-026 1 

96-0 

1 Drawn wire . 

0-00100 

290-0 

Drawn wire . | 

0-018 j 

118-0 

Drawn wire . 

0-00050 

312-0 


Tungsten itself is used principally in the form of wire for the fila- 
ments of radio valves and incandescent lamps; for the projecting 
element of projection lamps, where it is heated to incandescence by a 
resistance heater unit ; for X-ray targets ; for the contacts of magneto 
and coil-ignition contact heaters; for tips of gramophone needles of 
the semi-permanent type and for electric furnace resistors and lamp 
filament supports. 

Tungsten forms an important element in high-speed tool and 
magnet steels, the 18 per cent tungsten steel being a typical instance 
of the former. 

Tungsten carbide is a very widely used metal-cutting material 
employed to tip steel shank tools ; it enables much higher machining 
speeds to be used than for alloy tool steels. 

Vanadium 

This rare metal is a white lustrous metal which is harder than 
quartz, non-magnetic and with a specific gravity of 5-8 (crystalline) 
and 6-5 (powder) and melting point of 1720® C. It oxidizes slow ly in 
air at ordinary temperatures and more rapidly when heated, forming 
a series of five oxides. 

It is not attacked by hydrochloric or hydrobroraic acids, cold 
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sulphuric acid or cold alkalis, but dissolves readily in hot sulphuric 
acid and caustic potash. 

It forn^s alloys with iron, copper, nickel, cobalt, aluminium, tin, 
platinum and compounds with silicon, phosphorus, nitrogen and 
carbon. 

Vanadium in small amounts, usually of the order of 0*25 per cent, 
in steel improves the toughness and impact or shock resistance of the 
metal. 

It is a scavenger and removes both the oxides and nitrides in molten 
steel baths leaving the metal indirectly toughened. 

Vanadium also improves the mechanical properties of steel castings 
and cast iron; in the latter metal it assists the carbon retention in 
the combined form. 

It is usually employed commercially for steel-making purposes in 
the form of ferro- vanadium ; other forms include cupro-vanadium and 
aluminium- vanadium. 

Zinc 

Zinc is a bluish-white metal which is moderately ductile and 
malleable, but to a much less extent than copper. It is most ductile 
bt^tween 1(K)° C. and 150° C., and can be worked to any desired shape, 
but outside these limits it iK^comes brittle. It has a 8|)ecifie gravity 
of 719. 

Commercial zinc is supplied in the sheet form, as ‘‘spelter*’ 
(flat rectangular ingots from 1 to 2 in. thick), or in the granulated 
form. 

The tensile strength of cast zinc varies from 2500 to 3500 lb. per 
sq. in., with practically no elongation. 

Zinc, after being com])ressed under a stress of 20 tons }ier sq. in. 
at 100'^’ C., has a tenacity of about 11 tons per sq. in. 

Zinc melts at 419''C., and readily volatilizes and burns in air with 
bluish-white fumes of zinc oxide. Zinc boils at about 918° C. 

The cfx'fficient of linear expiinsion of zinc is about 26 x 10“*. 

The thermal conductivity of zinc is 0*265 at 18° C. 

The siK'cific heat of zinc is 0*092 between 20° C. and 100° C. 

The electrical resistivity at 18° C. is 6*1 microhms per cm. cube, 
and the tempt^rature coefficient of resistance is 37 x 10'* between 
34° 0. and 100° C. Compared with silver (KX)), the electrical and heat 
conductivities are 29 and 36 respectively. 

Zinc is a useful constituent of non-ferrous alloys such as brasses, 
bearing metals, certain bronzes, high tensile aluminium alloys, German 
silver, whitemetals, die-easting alloys, etc. 
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Zinc is practically incorrodible under ordinary atmospheric condi- 
tions, and is therefore widely used^as a protective coating for iron and 
steel, the surfaces being “galvanized or zinc-deposited by various 
processes. 

Zinc is widely used in connection with zinc alloy die-castings and 
also for sheet-metal forming dies* In some instances one of the two 
components of the press unit is of zinc alloy and the other of rubber or 
lead. Such tools are used in the aircraft and other sheet-metal indus- 
tries for limited quantities of pressings in soft metals, e.g. aluminium 
and magnesium alloys. 

Rolled zinc is used commercially for a variety of purposes, prin- 
cipally in the forms of stampings and pressings. The metal not only 
offers a high resistance to atmospheric corrosion, but is easily fabri- 
OBted and can be electro -plated satisfactorily with nickel, chromium, 
brass and silver. The fabrication of rolled zinc is similar to that of 
many of the other common metals ; the same dies can be employed 
in most instances. It is necessary, however, to observe certain precau- 
tions in drawing operations. 

Rolled zinc is best worked at 70"^ F., or slightly higher ; the working 
qualities fall off rather quickly below this temperature. The upper 
working temperature limit is about 100® F. It is advantageous to 
use a lubricant such as soapy water (neutral) for drawing operations. 

The rolled metal is readily soldered with 50/50 lead-tin solder, but 
it should not be overheated as excessive grain growth accompanied 
by loss in strength w'ould occur, A stronger solder for zinc contains 
55 per cent of lead, 30 per cent tin and 15 per cent cadmium. Acidu- 
lated zinc chloride is used as a flux. 

Apart from electro-plating, roiled zinc can be buffed to a high 
polish and treated with plain or coloured lacquers and enamels. 

When metals, other than nickel, are to be plated it is advisable to 
use nickel as a base or primary coating. 

Rolled zinc pressings include radiator caps, instrument cases, 
instrument dials (plain and perforated), domestic casings, decorative 
panels, automobile pressings for decorative or utility purposes, em- 
bossed sheet metal articles, clock cases, etc. In most instances these 
parts are electro-plated or enamelled. 

Zinc alloy wire containing up to 10 per cent aluminium with 
about 0*4 per cent copper has been used in Germany as a substitute for 
aluminium and copper for electrical conductors. The rolled wire, of 
0-07 in. (1*80 mm.), has a tensile strength (10 i)er cent Al) of 27 to 30 

* An account of these dies is given in Sheet Metal InduMnea, June and July. 
1941. 
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kg. per sq. mm.. (17*2 tOil9 tons per sq. in.) with 45 to 30 per cent 
elongation. 

The Oalvanizing Process. Iron, steel and other metal parts can be 
given a coating of zinc by the process of dipping them into a bath of 
molten zinc. This leaves the articles with a deposit of zinc (or zinc- 
lead in some instances) which affords a protection against atmospheric 
corrosion influences. The articles to be coated are first cleaned 
thoroughly by sand-blasting, or pickling in a 5 to 10 per cent hydro- 
chloric acid bath and then washing in clean water and drying. 

Before dipping in the molten zinc the parts are treated with sal- 
ammoniac for fluxing purposes. After dipping in the molten zinc bath, 
which is maintained at about 450'" C., the articles are withdrawn, 
allowed to drain or are shaken ii> order to remove any surplus zinc; 
alternatively, they may be brushed over with a tow mop or brash. ' 

Objects such as rods, wires, strips or plates may be drawn through 
the bath, and wiped mechanically with asbestos wipers as they leave 
the bath. It is often considered advantageous to add a zinc-aluminium 
alloy consisting of about 20 |)er cent of aluminium to the molten zinc 
in order to give Ix-iter fluidity. The frosted appearance of galvanized 
articles, such as steel sheets, is obtained by adding tin to the zinc. 

The de])osit obtained commercially varies from twn to five- 
thousandths of an inch, equivalent to from 1 J oz. to a little ov^er 3 oz, 
of metal per square foot. The actual thickness of deposit obtained 
depends, how^ever, on the temperature, time and mechanical cleaning 
factors ; and to a lesser extent upon the purity of the zinc bath. 

In this res[)ec*t the electrolytic method has the advantage of gi\dng 
a uniform coating of pure zinc, as against a non-uniform coating of 
impure zinc obtained in many cases. 

AnotluT advantage of the electrolytic method lies in the fact that 
it is unnecessary to heat the steel or iron objects, except in rare 
instances, so that the mechanical projx^rties of the base metal are not 
adversely affected as tliey may be if heated to 450" C. In this respect, 
objects such as steel springs cannot satisfactorily be zinc-coiited by 
the hot dipping proc'css. The nature of the coating obtained by the 
latter process is quite different from the electrolytic layer, w’hich 
consists of practically pure zinc. 

The metal in the galvanizing bath, owing to its great solvent 
])ow'er8, is seldom purer than about 98 jkjt cent, the impurities con- 
sisting usually of lead and iron. 

The results of investigations carried out by Bablik indicate that 
even with pure zinc baths there is not a pure zinc layer on the iron or 
steel articiles. Microphotographs reveal the fact that commencing 
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with the iron base there is (1) a high iron solid solution layer; (2) a 
layer consisting of FeZiig and solid solution ; and (3) the outer and 
thicker coating consisting of zinc with small amounts of iron-zinc 
alloy. 

In the case of electrolytically deposited zinc there is a thin iron-zinc 
phase layer next the iron, and then the pure zinc layer. 

Sherardizing, This zinc coating process consists in first cleaning 
thoroughly the iron or steel articles by a pickling and neutralizing 
method as for hot galvanizing, and then placing them in intimate 
contact with zinc dust (usually with the addition of zinc oxide and 
powdered charcoal). The articles are heated with the ingredients 
mentioned in a metal container that can be rotated during the 
process. 

The condensed zinc gradually percolates into the ferrous article, 
the degree of penetration depending upon tlie temi)erature of the drum 
container and the duration of the process. 

The temperature may vary from 300® C. to 450® C., whilst the period 
of heating ranges from 2 to 4 hours. At the end of the heat -treatment 
the articles are allowed to ccx)l gradually in the container, and are then 
separated from the zinc dust. 

Sherardized articles have a dull-grey appearance due to the coating 
of zinc, the thickness of the coating Ixnng of the order of a few 
thousandths of an inch. 

The structure of the zinc deposit obtained is different from that 
with the electrolytic or dipping methods, and with the employment 
of pure zinc dust the surface layers are of pure zinc. Moreover, there 
is apparently no definite interruption in the iron content of the various 
layers, this content increasing uniformly as the base-iron is reached. 

In order to prevent caking and to reduce the amount of zinc oxide 
necessary, a quantity of sand is sometimes added to the zinc dust ; 
this also results in a brighter finish being obtained on the final coiiting. 

Objects up to 15 ft. in length by 1 ft. square section can be Sherar- 
dized and complicated surfaces given a uniform coating of zinc. The 
method has b(.‘en widely used for .steel window casen)ents, springs, 
aircraft fittings, scaffolding fittings, tolts, nuts, chains and small 
castings of complex design. It is also employed as the base for many 
decorative finishes in architectural iron work. 

Zinc can also be sprayed on to metal and non-metallic surfaces by 
the Schoop process, employing a pistol for feeding the zinc wire or 
powder. The latter is melted by an oxy-gas flame and the molten 
metal is sprayed on to the work by compressed air. In this instance 
the bond between the sprayed zinc coating and the metal is purely 
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mechanical, there being no intermediate alloy layer. The coating ia 
continuous and firmly locked to the base surface. The advantage of 
this method is that it can be applied to all kinds of fabricated steel work 
so that weld, riveted and other joints can be thoroughly protected. 
The minimum thickness of coating is 0*002 in., but coatings up to 
0*01 in. are frequently employed. 

Zirconium 

Zirconium is a silvery-white metal which at ordinary temperatures 
resists to a high degree atmospheric corrosive action. It has a specific 
gravity of 4*15 and a melting point of about 2300"^ C. 

The electrical resistivity is about 170 microhms per cm. cube at 
normal air temperatures. 

It has a greater affinity for oxygen than silicon at high tempera- 
tures and gives a greatly increased recovery of silicon in finished 
steel for this reason ; it is also effective in removing the final traces of 
oxygen and nitrogen from the steel. 

Zirconium has been used in small percentages, viz. of about 0*35, 
in association with 3 per cent of nickel in making steel for armour 
plate on the Continent, and it is now sometime\s used in the production 
of extrtmiely tough and resistant steels. Such steels have been utilized 
for the making of high-speed tools and for similar purposes. 
“Coojxjrite^* is an alloy of zirconium and nickel. This is a high-speed 
steel of high cutting efficiency, and it is claimed that its resistance to 
corrosive influences is also very high. 

Another interesting technical alloy is one of zirconium and alu- 
minium which is stated to be an almost entirely non -corrodible metal 
and one, also, which is extremely resistant to oxidation at high 
temperatures. 

This zirconium -aluminium alloy jw.ssesses the interesting pro- 
perty of “selective radiation. “ In virtue of this property, electric 
lamp filaments drawn from the alloy emit a greater amount of light 
when heated by the electric cun*ent than the amount of light 
theoretically corresponding to the temperature of the filaments. Thus 
the zirconium-aluminium alloy acts most efficiently as a ixjiiverter 
of heat energy into light. Such a pro|)erty has many future technical 
and commercial possibilities. 

The strong affinity of heated zinxinium for nitrogen has been 
utilized in the production of the solid compound zirconium nitride, 
which when treated with water gives rise to ammonia — a fact of 
interest and utility in connection with nitrogen fixation from the 
atmosphere. 
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MISCELLANEOUS MATERIALS 

Abrasives 

Abrasives of various kinds are widely used for engineering and 
incmstrial purposes. These are all characterized by the fact that they 
belong to the hardest materials known and are usually employed in 
powdered form as grinding pastes with oil ; with suitable bonding 
materials ; in grinding wheels ; abrasive papers or cloths and abrasive 
slips and stones. The more widely used abrasives are the natural ones, 
including diamond, emery, corundum, flint, ganiet, quartz, tripoli, 
sand, pumice, etc. In addition there is a group of artificial abrasives 
including silicon carbide, aluminium oxide, tungsten carbide, etc. 

The natural abrasives used for grinding wheels, stones, abrasive 
cloths and papers are crushed to pow'der form, the fine sharp particles 
being graded according to their screen or size for diSerent applications. 

Artificial abrasive wheels contain a more uniform size and grade 
of abrasive, and are generally preferred to natural abrasive wdieels. 

The two principal methods of making artificial abrasive wheels 
are (1) the vitrified and (2) the silicate ones. 

In the former method the dry abrasive mixture is placed in metal 
moulds and vitrified under intense heat. 

The silicate ^nethod uses silicate of soda as a binder, the material 
then being run into moulds and subjected to heat in a suitable oven. 
More recently 'phenolic resins have been used in many cases instead 
of the silicate of soda, and the abrasive mixture moulded under heat 
and pre.ssure as in the plastic moulding process. The abrasive wheels 
thus made are much stronger than the silicate ones, but are not so 
strong as the vitrified wheels. 

Other binding materials for lighter purposes are shellac and vnlcayi- 
ized rubber y the latter being much stronger than the former. 

In addition to the manufactured abrasive wheels and stones, 
natural stones, consisting of sand grains cemented with a natural 
binding material, are employed for sharpening edge tools, but they 
are inferior in their grinding performance to artificial wheels, since 
they are usually softer, run at much lower speeds and must be used 
“wet.’’ 

The “sand” particles in these stones consist of quartz mixed 
with lime, mica and felspar; the uniting material often contains 
lime. 

The hardness of minerals is usually expressed on the Moh scale, 
which shows the relative hardnesses of ten selected minerals so 
arranged that each of these will scratch those of lower number on the 
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scale, but will not be scratched by them. The following are the orders 
of hardness of the selected minerals on the Moh scale — ' 


TABLE 108 

Moh’s Scale of Hardness 


Material 

Order of j 
Hardness 

1 

' Material 

Order of 
Hardness 

Talc .... 

1 

Orthoclase 

6 

Gypsum 

2 

Quartz 

7 

Calcite 

3 

Topaz . . . i 

8 

Fluorspar 

4 

Corundum 

9 

Apatite 

5 

Diamond . 

10 


It will be observed that this method gives the relative hardnesses 
as determined by the scratch method. 

The following are some values of hardnesses of t\T)ical abrasive 
materials expressed on the Moh scale — 


Diamond ...... 100 

Tungsten carbide ..... 9- 7-9*9 

Boron carbide . . . .9*7 

Silicon carbide ..... 9*5 

Aluminium oxide (corundum) . . 9*0 

Agate ....... 7*0 

Flint 7*0 

Vitrcoua pure silica . . .6*5 

Abrasiv’e garnet ..... 6*0-7 *5 

Felspar ...... 6*0 


Aluininium oxide is an artificial corundum made by fusing bauxite 
in an electric arc furnace. It has the chemical formula AlgOj, and forms 
colourless crystals which are used as an abrasive. The specific gravity 
is 3*7 and melting point about 2050^ C. It is obtainable in various 
grades and the crystals are very small but extremely hard and sharp. 
The larger abrasive grain sizes are made up of many crystals. The 
aluminium oxide abrasives are usually employed for grinding hard, 
tough and strong metals including steel castings, and for cylindrical 
grinding on all but the hardest steels. 

T3q)ical abrasives of this class include the commercial ones kno\ni 
as Alundum and Aloxite. 

Silicon carbide is made in the resistance electric furnace by fusing 
together sand and coke with sawdust, using salt as a flux. It has the 
chemical formula SiC and its specific gravity is 3*1 to 3-2. The melting 
point is about 2200° C. The electric furnace product consists of large 
crystals which are broken down by crushing to obtain the smaller 
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ones used for abrasive purposes. The powdered material is used as a 
powder abrasive, for coating paper and making grinding wheels, 
hones and abrasive slips and stones. In general silicon carbide abra- 
sives are not so tough as aluminium oxide ones, but are harder and 
therefore used for grinding the hardest metals, including certain 
cemented carbide products. Silicon carbide abrasives are known 
under various commercial names, e.g. Carborundum, Oystolite, 
Crystolon, Carborite, etc, 

Oamet is the name used to distinguish a group of minerals of a 
crystalline nature possessing both toughness and hardness. These 
diflFer appreciably in their hardness, methods of fracture and colour; 
the clearer and more uniform crystals are employed for jewellery pur- 
poses. The abrasive garnets of industry are employed principally for 
coating cloth and paper, the latter form being preferred to quartz 
and sand-paper in the woodworking industry. The best abrasive 
garnets are the deep-red crystals known as Almandite, with a hardness 
of 7*5 (Moh). In instances where a harder abrasive cloth or paper is 
required the artifif ial aluminium oxide is used. 

Sand. There are several kinds of sand used in industry, including 
the abrasive ones consisting of crushed quartz and flint, and the hard 
siliceous kinds employed in making glass and porcelain. 

Sand-paper, for woodworking purposes, consists of graded quartz 
and flint crystals bonded to a tough flexible paper with a strong 
animal glue. 

Tripoli is a fine granular white siliceous material obtained by 
crushing tripolite. When finely ground it is used as a paint filler; 
also as a rubber filler. The grade known as “Once Ground'* (O.G.) 
is used for buffing and polishing metals and glass. The “Double 
Groimd*’ (D.G.) grade is employed for finer polishing and also for 
foundry parting. For buffing purposes tripoli is usually sold in stick or 
briquette bonded form. 

Emery is a hard natural form of alumina (aluminium oxide) 
coloured with oxides of iron and manganese. It is crushed into fine 
crystals of various sizes which are graded for different abrasive pur- 
poses, chiefly for grinding powders and emery papers and cloths. It is 
not, as a rule, so pure or uniform as the artificial aluminium oxide and 
silicon carbide products. 

The numbers uswdly employed to designate the sizes of grains of 
emery, corundum and proprietary abrasives range from 10 for the 
coarsest to 200 for the finer grades, these numbers indicating the 
number of meshes per linear inch through which the abrasives will 
just pass. For finer grades than 200 the term “flour” is employed, 
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and the degree of fineness is indicated by letters such as 0, 00, 000 ; 
in another system the letters CF, F, FF, FFF, etc., indicate progressive 
degrees of fineness. 

Asbestos 

Asbestos is a mineral fibre composed of hydrous silicate of mag- 
nesia with a small amount of iron oxide and alumina. It occurs 
naturally in chrysotile, tremolite, amosite, crocidolite, etc. 

Asbestos of the harsh fibre variety contains less water than the 
soft fibre kind, and if the latter be heated to a temperature that will 
drive off some of the water, there results a substance which is so brittle 
that it crumbles lK>tween the fingers. 

Asbestos melts at a temfxjrature of from 1200'' C. to 1550° C., 
according to the source from which it is taken. It is an excellent heat 
insulator, and is wiflely employed in the form for insulating furnaces, 
steam and exhaust pipes, boilers, etc. It is often combined with mag- 
nesium carbonate, hair, or with wool felt, and used for lagging steam 
pipes, an outer casing l)eing employed for holding it in position. 

Aslx\sto8, when powdered or in the form of fibres, is sometimes 
kneaded, into a flough with water and used for stopping up holes and 
cracks in small muffies, furnaces, bearing metal, shells, etc. 

It is also frequently employed for making moulded shapes to 
withstand high tem[)eratures : one well-known commercial form of 
this nud(»rial (known as “Kverite''*) is supplied as corrugated 
sheets varying in size from 4 to 10 ft. long, by 30 in. wide, of } in. 
thickness, and with corrugations of 3 in. pitch, the weight being 2 lb. 
per sq. ft. This, together with similar asbestos cement roofing and 
building materials, is fire-proof, non-conductive, acid and weather- 
proof. 

The specific gravity of aslx*stos is about 31, a cubic foot weighing 
193 lb. 

The sfx'cific electrical resistance is of the order of 10 X 10^ ohms- 
centimetres, and in the composite forms, such as moulded asbestos and 
asbestos wood, it is much used for electrical insulators. 

Aslx'stos is supplied commercially in the form of twine, rope, wool 
or flake, thin paper, mill-board, jointings and moulded shapes, etc. 
It is used with a thin copjier shell for internal combustion engine 
exhaust pi[)e and silencer gaskets and sparking plug washers. 

More recently fire-proof suits of asbestos cloth have been used 
successfully for men engaged in fighting fierce fires. The Bell heavy 
suit consists of two layers of asbestos cloth, the outer layer being 
♦ The British Everite Works Ltd. 
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of hard wearing texture. Between the two layers the suit is padded 
with flexible asbestos material. The feet of the wearer are encased 
in boots completely covered with asbestos. The detachable helmet 
has a double mica window with an air space between; the crown of 
the helmet is crashproof. The suit, which weighs about 50 lb., can be 
put on in 40 sec., and a person thus clothed can enter the fiercest fire 
with safety, remaining in it for about 2 min. 

Celluloid or Xylonite 

This material is composed essentially of pyrolin (soluble gun- 
cotton) and camphor (oil). Xylonite is a proprietary grade of 
celluloid. 

It can be produced in a v^ariety of forms and colours, and is much 
used for fancy goods, imitation tortoise-shell, toys, and cheap, light 
moulded articles. 

Celluloid is very slightly hygroscopic*, and can be moulded into any 
form by softening in boiling water. 

Celluloid is also used for covering metal steering wheels, bicycle 
handles, grips and levers, in order to render them heat-proof and 
permanently clean. 

Celluloid is very inflammable, and quickly ignites ; for this reason 
much attention has been given to the question of rendering it fire- 
proof by mixing it with other ingredients, such as ferric perch loride 
in alcohol solution, bromide of camphor, and castor oil, etc. 

The specific gravity of xylonite is about 1-35, and the electrical 
resistivity from 2 X 10^® to 30 X 10^® ohms-centimetres. 

The surface resistivity, i.e. the resistance per unit length of a strip 
of unit \^idth, of xylonite varies with the humidity of the atmosphere. 
For a relative humidity of 50 per cent, the surface resistivity is about 
three times the volume resistivity value previously given. For 85 
per cent humidity its value is 0*2 x volume resistivity. 

The refractive index of xylonite is about 1-5; this is higher than 
for water but less than that of glass. 

Xylonite is, relatively speaking, quite elastic at normal tempera- 
tures, but as it is heated the elasticity falls off until at 70° C. to 100° C. 
the material becomes quite plastic. ^ 

In common with certain other organic materials its elastic limit 
and tensile strength are influenced by the rate of loading. Thus it 
may undergo plastic deformation with the application of a small 
force applied for a long period, but for rapid loading it shows a com- 
paratively high elastic limit. For these reasons the values often given 
for this class of material show considerable variations. 
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Typical samples in ordinary tensile testing machines show tensile 
strengths ranging from 3000 to 80(X)lb. per sq. in., and elastic limits 
of 1500 to 2000 lb. per sq. in. 

The coefficient of linear expansion of xylonite is approximately 
0-0002 per deg. C. 

Xylonite is practically non-hygroscopic and completely resistant 
to neutral solutions of mineral salts. It is unaffected by weak acids ; 
for this reason it has been used for accumulator cases. The concen 
trated acids, however, definitely attack the material. 

Celluloid is soluble in amjd-acetate and acetone, and this liquid is 
often employed for cementing celluloid, accumulator repairs and 
similar purposes ; solutions of (iclluloid in amyl-acetate are sometimes 
used for covering bright stec^l and other metal surfaces for protection 
purposes. Celluloid has more recently to some extent been replaced 
hy the almost non-inflammable cellulose sheeting. 

Cork 

Cork is derived from the bark of certain trees, such as the cork 
oak {querctts cuber), and is a light -coloured, porous substance of very 
low density. 

Its specific gravity is about 0*24, and a cubic foot of cork weighs 
about 15 lb. 

There is only one other commercial wood of lighter density, namely, 
hal^Uf which weighs only 7 lb. per cub. ft. 

The structure of cork consists of an aggregation of minute air- 
vessels, provided with thin, strong watertight walls, so that if the 
material is compre.ssed it behaves more like a gas than an elastic 
solid ; unlike the behaviour of a spring, which exerts a pressiu'e pro- 
portionate to the linear amount of compression, cork, when compressed, 
exerts a pressure which increases in a more rapid manner and varies, 
approximately, inversely as the volume. 

The effect of the permeability of the cork to air, however, causes 
a gradual, but only partial, loss of compression elasticity under pro- 
longed loads. The volume of the air-cells in cork constitutes about 
50 per cent of the whole bulk ; if steeped in hot water, the volume of 
cork is increased from two to three times. This effect is made use of 
in connection with the bottling of liquids, the corks being treated in 
this way before being forced into the necks of the bottles. 

The elasticity of cork is, to a certain extent, permanent ; thus, the 
corks of bottles of from 10 to 20 years of age invariably expand w^hen 
withdrawn. 

When compressed, there is a certain amount of permanent set, 
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due to the escape of part of the air vessel contents, but when the 
load is released a very slow recovery occurs. 

Cork is used for stoppers of all kinds, for heat insulation purposes 
(refrigerators, oxygen bottles, etc.), sound-proof linings to rooms, 
floats, washers for the caps of vessels and tanks, vibration insulators, 
life-belts and life-buoys, etc. 

Cork in Engineering Work, Cork has many industrial uses, more 
particularly in engineering and building constructions. Apart from 
its use as a sound absorbing medium to obviate the effects of echo and 
sound conduction in buildings, as an ingredient of tiles and cork lino, 
it has an important application in connection with the elimination of 
vibration in machinery. It is now being widely used in slab form to 
insulate machines, ranging from small fans to large engines and 
d 3 mamos, against the transmission of noise. Another important 
application of this material in automobile engineering is in connection 
with plate clutches. For this purpose cylindrical inserts of cork are 
arranged in one or more discs forming the rotating members; these 
bear against steel plates affixed to the other member forming the 
clutch unit. On account of their high coefficient of friction, sweet 
running action, and long wearing properties, cork-lined clutc^hes have 
been found to give extremely long service under exacting conditions. 
Cork in the form of compressed impregnated particles, i.e. cork dust, 
is now used for washers or packing pieces, for crankcases and c\^linder 
cover joints, for headlamp covers and petrol joints. On account 
of its elastic, or “giving,” and oil, y)etrol, and water resisting 
properties, this material appears to be most suitable for such 
purposes. 

Diamond 

Diamond, the purest form of crystallized carbon, is the hardest of 
known materials, having a hardness of 10 on the Moh scale, and is 
able to scratch all other materials. It also j)OHses8es the lowest com- 
pressibility of all materials. The sj)ecific gravity is 3-5. 

The diamonds used industrially, as distinct from those ernploy^ed 
for jewellery, are of the black or coloured variety, known as “boarts,” 
“ballas” and “carbonate.” These diamonds when set in suitable 
steel holders are used for glass-cutting; the turning of abrasive 
materials which are known to wear down ordinary high-speed tool 
steels and even the tungsten carbide ones; for wire-drawing dies, 
rock drills, abrasive discs for grinding tungsten carbide tools, etc. 
Among the metals and materials upon which the diamond turning 
tool will give considerably longer service than any other tool are brass, 
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bronze, copper, whitemetals, aluminium, fibre, Bakelite, porcelain, 
hard rubber and numerous other moulded plastic materials. 

Diamond tools, on account of their relative brittleness, cannot be 
used satisfactorily for machining steels or cast irons, since when sub- 
jected to heavy tool pressure the diamond is apt to crack or splinter. 
Aluminium alloy pistons are usually turned with diamond tools. As an 
instance of the durability of such tools it may be mentioned that a 
tool used on an Ex-Cell-0 boring machine, with a diamond weighing 
about half a carat, bored more than 200,(X)0 pistons before it had to 



Fia. 152. Three TvprcAL Shapes of Diamond Tttrnino 
Tools 

be reset ; the total length of chips removed was 9000 miles. In this 
operation the dimensions were held to an accuracy of 0*00015 in. 

Fig. 152 illustrates three typical diamond -tipped tools used ibr 
turning aluminium alloy pistons. The first and second tools are very 
similar, although the former has seven cutting facets and the latter 
three. The tool on the extreme right is similar in shape to a round- 
nosed steel turning tool. 

These tools are used on pistons which are rough-turned by ordinary 
steel tools to within about 0*005 in. ot finished dimensions. They are 
then finished with the diamond tool at a cutting speed of 200 ft. per 
min. and a feed of 120 per in. An extremely smooth finish is obtained 
in this way. 

The diamond is held in the toot end by a number of different methods. 
A common one is to drill a hole in the end of the steel holder and to 
peen over the edges so as to hold the diamond. In another instance 
the end of the tool holder is drilled and then slit into quarters, the 
prongs thus formed being pressed down on to the diamond ; the 
spaces between the diamond and the tool end are then filled in with 
solder or brazing metal so as to afford a rigid setting. 

Fig. 163* illustrates a number of typical diamond tool shapes for 
different machining purposes. 


• The MachiniM* 
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The normal face angle a (Fig. 154) is usually made 10°, j8 being 
about 2°. On very hard materials ^ may be increased to 5° for turning 
tools. For boring tools jS may be from 5° to 8° dependent upon the 
size of hole to be bored. 




A *= special form radius tool: /? « normal turniriR tool; C combined tiirnlnR 
and facing tool ; J) «= normal boring tool ; K - combined boring and facing t<x)l. 


For coarse turning purjMses the angle /? is madt^ larger and for 
finishing purposes it is smaller by tilting the tool around; for a high 
degree of finish or |)olish this angle is practically zero, and the tool 
set above centre so that the clearance face of the angle ft jwrtion is 

practically tangential to the work. 

A still higher degree of polish is 
obtained by rotating the tool so 
that its cutting edge is higher than 
__ the trailing edge; this angle may 
\ be as high as 45° for soft metals. 

\ Diamond tools require very 
rigid anchorage since they will not 
oi}erate efficiently under vibration 
conditions, although the diamond 
will cut quite well at relatively high 
Fig. 1,'54. Diamond Tool Anglks machining t/emperatures ; provision 

should, however, be made for con- 
ducting the frictional heat away. In this connection both air- and 
water-cooled tool holders are now employed for special operations. 

In regard to machining speeds, for normal purposes, speeds up to 
about 1000 ft. per min. are employable with feeds of 0 001 to 0 003 in. 
per revolution, with a depth of cut of 0 015 to 0-025 in. for roughing 
cuts and 0*004 to 0*010 in. for finishing. *The speed selected depends 
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somewhat upon the nature of the material to be cut, although for 
metals ranging from the soft whitemetals to phosphor bronze practic- 
ally the same speeds and feeds are used. It is possible to bore holes 
with diamond tools to within 0*0001 in. with excellent surface finish. 

Another common application of diamond tools is for turning long 
cylinders of hard or abrasive materials such as hard rubber and syn- 
thetic resin; with alloy tool-steels the cutting edges would become 
blunter and a tapered effect obtained under similar conditions. The 
hard rubber rolls of typewriters are diamond turned in this manner. 

Diamond dies for mire drawing are now widely employed. For this 
purpose the rough diamond is set into a brass die holder and held, 
temporarily, in place with shellac, whilst a conical centre for the 
drawing hole is being cut. The diamond is then brazed in the die 
holder. The surface of the brass holder is ground to smooth off 
the brazing so that the die will present a flat surface from which it 
may be located on the surface plate of a lathe while the drawing hole 
is being made. The die is then centred and held on the lathe face plate 
with shellac. The tool used to produce the hole in the die is an ordinary 
sewing machine needle: this is chucked in the end of the lathe tool 
holder and supported in the tail stock. The needle is charged 
with a thin paste made of diamond dust and oil. The diamond is 
rotated in the lathe and a reciprocating motion given to the needle 
so as to move it in and out of the hole being “ground” in the die. 

The final hole thus made is enlarged at both ends to a slight curve 
for leading in the w ire to be drawn down. 

The wire is passed through from the large end of this hole. In this 
way it is possible to draw the wire down to within 0*(X)01 in. of the 
required size. Many tons of wire can be drawn through a die before 
any appreciable increase in diameter is noted. 

Diamond dust is used to imjiregnate w heels employed for grinding 
tungsten carbide and similar cutting tools. It is also used in paste 
form with oil to charge the ends of cop|XT and brass rods or tubes for 
drilling glass. 

Felt 

Felt is a material composed of wool, or w ool and entton, in a more 
or less compressed condition, the former being known as the “all- 
wool,” and the latter as the “cotton-mixed” felt. The quality of the 
felt depends upon the ingredients, and the purpose for which it is 
required. 

There is a number of grades of wool used in felts, which may be 
roughly classified as follows. 
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(1) Fine Wool, such as Virginia stock, long or short fibre, straight 
and kinky. 

(2) Coarse Wool, such as Virginia stock, long or short, but 
usually straight and with little kink in it. 

(3) Wool Shoddies, from old scrap wool felt or various wool 
fabrics ; these have less length of staple or fibre than Virginia stock, 
and are used in the cheaper grades of felt, more particularly in cotton 
mixed felts. 

For hard felt, it is necessary to use practically all wool, as cotton 
cannot be hardened in the felting or fulling process. 

When cotton is used with wool shoddies, it is necessary to use glue 
sizing in order to make the felt hard, but glue-sized felts are not, in 
general, very satisfactory. 

There is a variety of different felts upon the market, and the 
quality of these varies considerably, so that it becomes necessary to 
devise certain standard characteristics, such as the composition, 
density and hardness, for felts for special purposes. 

It is possible to employ a hardness testing instrument of the 
scleroscope type, using a special scale, in order to determine the 
hardness of felt ; the hardness property affords an accurate and con- 
venient means for estimating the quality. It is also necessary to 
specify the percentage of wool and cotton, and to limit the amount 
of foreign matter, such as dirt or grit. 

In some respects, felt, in its cushioning effects, resembles cork in 
the action of the imprisoned air and elastic fibres. 

Felt is used in engineering work to eliminate noise and vibration, 
and for heat-resisting coverings ; it is also used in the form of pads and 
wicks for lubricating purposes. 

Felt washers and packings are widely used in automobile work 
for preventing oil leakage from engine bearings, gear-box and differen- 
tial hou.sings, etc. 

In aeronautical work, felt has been used for packings and vibration - 
less fittings, such as for insulating instruments and instrument boards 
from the vibration of the engine, for lining metal clamping bands for 
the fuel tanks, lockers, camera boxes, and similar noise and vibration 
eliminating purposes. 

A more recent application, of interest during the 1939 War on 
account of rubber conservation needs, is that of parts made of felt 
surrounded by an outer casing, or “corral,’* of rubber. The product, 
known as Rdt, is from 30 to 70 times lighter than rubber, and possesses 
a wider possible variation of resilience than can be obtained from the 
usual rubber mouldings. Numerous shapes can be made in Relt. 
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Perodo* 

Ferodo is the name given to a group of materials having high 
frictional qualities, and which are used for brake-linings, friction 
clutches, discs and similar purposes. 

Ferodo is normally supplied in two principal forms, namely, the 
cotton-bonded and the brass-wire woven asbestos varieties. 

The cotton-bonded type is made of compre8.sed cotton fibre im- 
pregnated with a special fluid, and it gives a higher coefficient of fric- 
tion than the asbestos variety, but does not withstand such high 
temperatures. 

The asbestos type consists of impregnated compressed asbestos, 
with numerous fine brass wires running through it. The object of the 
wires is to hold the material together and to conduct aw^ay the heat 
generated by the friction. 

The.se materials possess high coefficients of friction and retain a 
fairly high value over considerable ranges of pressure, temperature 
and speed. Certain grades are also only slightly affected, in frictional 
pro|K^rtie8, by water and oil. 

The asbe.stos variety will with.stand high temjieratures, which 
would rapidly char leather, without much diminution in the friction 
coefficient. 

The value of the coefficient depends a little upon the pressure, 
temperature and sjK’ed, and for the bonded asbestos type varies from 
0*25 to 0*35, w hen in contact with cast iron or steel. 

Temperatures as high as 200"^ C., pre.ssures of 100 lb. per sq. in., 
and rubbing velocities of 6(X)0 ft. |)er min., can be employed with this 
material ; the coefficient of friction does not differ appreciably from 
the value of 0*30 under these conditions. 

The value of the coefficient for the cotton fibre varies from 0*4 
to 0*65 ; for pressures of 50 to 80 lb. per sq. in., temperatures of 100° C. 
and rubbing velocities of 2000 ft. per min., the value is 0*42 to 0*46. 

The coefficient of friction is higher for the cotton fibre type, and 
its value increases with the temperature up to the charring point at 
150° C. to 180° C. 

For low pressures (10 to 201b. per sq. in.) and ordinary tempera- 
tures, the value of the coefficient varies from 0*2 to 0*3. 

The effect of lubrication (mineral oil) is to lower the value of the 
coefficient to 0*05 to 0*2 in the case of the asbestos variety and to 0*2 
to 0*3 in the case of the cotton type. 

The cotton variety shows an extremely low^ rate of wear and many 


* Manufivotumi by the Herbert Froo<l (,'o. Ltd. 
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motor bus brakes lined with this material have run for 20,000 miles 
without appreciable wear. 

The amount of energy absorbed by a good brake lining varies from 
100,000 to 120,000 ft. -lb. per sq. in. per min., for pressures varying 
from 60 to 80 lb. per sq. in., and coefficient of from 0-3 to 0*6 (in the 
ilry state). 

These materials are much used for lining the brakes of automobiles 
and motor cycles, winding engines, cranes and similar purposes, for 
the clutches of cars, and for friction drives of all kinds, etc. 

Fibre 

Vulcanized Or red fibre is a hard, dense material composed of paper 
or cellulose made from cotton rag stock, together with zinc chloride 
and colouring matter, either aniline dyes or pigments. 

The material is made in the form of a number of paper-like laminae, 
pressed together in the wet state under very great pressure, followed 
by slow drying, which is accompanied by a contraction in volume. 

There are tw^o prime operations in the making of vulcanized fibre. 
One is the manufacture of a thin unsized cotton paper and the other 
is the conversion of this paper into the finished product. 

The paper is made from cotton rags that normally come to the 
fibre manufacturer from all parts of the world, principally Eiiro}H‘. 
The stock passes through several foreign material extraction processes 
before being made into thin absorbent pajxT on a Fourdrinier pa[K*r- 
making machine. 

In the second general phase of manufacture, that is, the conver- 
sion of paper into vulcanized fibre, the pajx^r is passed through a 
solvent that hydrolizes or parchmentizes a certain jK>rcentage of the 
individual fibres. The action of the solvent reduces these fibres to a 
gelatinous mass. The paper is then wound on a drum about 6 ft. in 
diameter, layers of the solvent -saturated pajier l)cing sujx'riinj)osed 
upon each other until the proper thickness is reached. The solvent, 
having performed its function, is then removed. When the sheet is 
finally “pure” or freo from solvent, it i.s placed in a kiln and dried. As 
the w^ater is driven off, the sheet shrinks to a hard, dense mass. At this 
point the fibre is just as hard and dense as it will ever Ije, but the sheet is 
wrinkled and distorted in mucih the same manner as leather becomes 
wrinkled when it is wet and dried. To straighten the sheets, they arc 
placed under heated hydraulic presses and come out flat and smooth. 

Vulcanized fibre tubers are made by winding the saturated paper 
on mandrels, then removing the solvent in the same manner as that 
described for sheets. The wet tubes are dried on rolling mandrels, 
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after which they are passed through rolling mills and brought to size. 
Rods are made by sawing sheets into square bars and turning these 
into round rods on special rod turning machines. 

Properties of Fibre. Fibre is much used as an electrical insulating 
material, although its resistivity is fairly low for dielectrics, being of 
the order of 10’ to 10^® oh ms- centimetres. Certain hard dry varieties, 
however, have a resistivity of 7 X 10^® ohms-centimetres. 

The dielectric strength of thicknesses varying from J in. to 1 in. is 
given by Parshall and Hobart as 10,000 volts, and by Hendricks as 
200 volts per mil at thicknesses of 50 to 150 mils, 160 volts per mil at 
a thickness of 0*4 in., 100 volts per mil at 0*7 in., and 90 volts per mil 
at 1*0 in. 

The specific gravity of fibre varies from 10 to 1*5, according to 
the grade, average samples being about 1-4. 

The tensile strength varies from 10,000 to 20,000 lb. per sq. in., 
and the compressive strength from 35,000 to 60,000 lb. per sq. in. 

Fibre is naturally hygroscopic for this reason, and in the presence 
of moisture swells again, but, not being i.sotropic, it swells unequally 
in the different directions. 

Applications. This material has been used for the fibre bushes of 
magnetos, and when used the material was arranged to swell axially, 
so that there was practically no risk of jamming the contact-breaker 
lever; fibre has since been replaced by other non-hygroscopic 
materials. 

Fibre is u.scd for a variety of purposes in the form of paper, sheet, 
slabs, tubes, etc. 

Due to the tendency of the cotton fibres, when the stock is run on 
the paper-making machine, to arrange themselves longitudinally with 
the machine direction, the finished material has a distinct grain nm- 
ning lengthwise in the sheet. It is, therefore, well for the user of fibre 
to keep this in mind when the material is to be subjected to a bending 
operation. It will bend more easily with the grain than across the 
grain. It also follows that holes near the edge of a piece should be 
placed, for the greatest strength, near the cut edge, that is, piirallel 
to the grain. 

Fibre tubing is employed for carrying the high-tension leads of 
car or aircraft engines. 

Fibre is supplied commercially in a number of grades and varieties, 
known by various trade names, such os red-fibre, hard-fibre, horn- 
fibre, leatheroid, fish-paper, indurated-fibre, waterproof-fibre, etc. 

When the fibre-pulp is treated with Bakelite, a material is obtained 
having a much higher resistivity (M x 10'® ohms-centimetres) and 



372 


BNGINEERINQ MATERIALS 


non-hygroscopic ; this material, which is known as “ Bakelite-dielec- 
tro/' is a hard, tough substance which cannot be moulded, but is 
impervious to hot water, oils and ordinary solvents. 

Fibre has been employed for brake blocks, more especially for small 
machinery and cycles, but it is inferior both in frictional and wearing 



Fig. 155 . Examples of Machined Fibre Parts 

A and B screwed parts; C cylinders made by upscit or druwiiiK prof'osscs; 

D, Et JBT, ./ « parts made by punching and turning ; K -- a niorr clat>orate article 
made by punching and turning. 

qualities to the asbenstos and other bonded brake materials, su(;h as 
Ferodo. The coefficient of friction varies from 0*3 to 0*4, and the 
charring temperature from 150° C. to 200° C. Oil reduces the coefficient 
very considerably. 

Fibre is now being replaced to a large extent by plastic materials. 
Machining Hard Fibre, Vulcanized fibre may be punched, stamped, 




MISOEIXANEOUS META1J3 AND MATBBIALd 373 

turned, sawn, milled, bored, in fact, it may be machined in any manner 
in which it is possible to machine metal. 

The tools used for machining hard fibre and Bakelite appear to 
lose their edges fairly quickly, and for this reason the diamond-pointed 
tool previously mentioned is replacing tool-steels. When the latter are 
used the turning speeds should be from 600 to 800 ft. per min., the 
tools being ground to the same shapes, rakes, and clearances as for 
brass ; no top rake is given in this case. 

For sawing hard fibre circular metal-cutting saws running at about 
3000r.p.m. for 12 in. diameter saws are recommended. Threads can 
be cut on fibre rods with satisfactory results, using the same dies and 
cutting speeds as for brass ; automatic screwing machines are now 
U83d for this purpose. 

In punching fibre it should be remembered that a different allow- 
ance for “spring” must be made from that for metals, since the fibre 
closes in after the hole has been punched ; for this reason the punch 
must be made rather larger than the hole to be punched. The usual 
allowance is about in. for a 1 in. diameter hole. 

When fibre discs have to be punched out it is necessary to reverse 
the allowance as the material actually opens out to the extent of about 
jinTiyin. per 1 in. diameter. The punch must, therefore, be made 
smaller than the disc required. 

Oasket Blaterials 

There are three main types of gaskets used in automobiles and on 
aircraft engines, namely, (1) for high temperature applications such as 
cylinder-head joints and for inlet and exhaust manifold and pipe 
joints, (2) for medium temperature joints such as valve and rocker- 
arm cover joints, water-pump timing gear and oil-sump joints, etc., 
(3) for low temperature joints, such as fuel pump, gear-box and back 
axle cover ones. For high temperature joints compressed asbestos, with 
or without wire gauge reinforcement, is generally employed, as for inlet 
manifolds and exhaust joints. For cylinder-head joints the most 
widely used form of gasket is the copper-asbestos one having two outer 
thin soft copper layers wdth asbestos between ; these gaskets are made 
to the exact shape of the cylinder-head joint, the holes for the studs, 
cylinder bores and water connections being punched out, and all edges 
are generally sealed with the thin copper sheet, so that no asbestos is 
exposed. 

Owing, however, to the somewhat yielding nature of this type of 
gasket, the compression ratio of any group of cylinders is liable to 
vary according to the degree of tightening of the cylinder-head nuts* 
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For this reason gaskets of plain thin copper and other metals have 
been substituted in certain recent engines. These solid metal gaskets 
are coated on either side with a jointing compound which effectively 
seals any slight inequalities in the siurfaces of the joints when the 
engine attains ite working temperature. 

A type of cylinder-head gasket used in Germany since 1939, owing 
to supplies of asbestos being very limited, employs the synthetic 
rubber material known as Buna. It consists of three sheets of Buna 
and two layers of fine steel wire netting, the wires of the two layers 
being placed at angles of 45 degrees with each other. The wire netting 
and rubber sheets are vulcanized' together. Unlike natural rubber, 
which softens when exposed to high temperatures, Buna has a tendency 
to “tighten.” Owing to the elastic nature of the rubber and the fact 
that the gasket is not coated with graphite, it is said to have better 
holding properties than conventional gaskets. The new gaskets are 
claimed to be resistant to hot water and hot oil up to 180° C. ; also 
to glycol and leaded petrol. 

For exhaust manifold joints compressed asbestos with a suitable 
high temperature resistant binder is usually employed, although copixjr 
asbestos gaskets are also used for this purpose. When asbestos gaskets 
are employed they are stamped or cut to shape frotn sheet material 
coated with graphite upon both faces. 

For medium temperature purposes compressed asbestos and rubber- 
coated asbestos sheet are favoured. More recently synthetic rubbers 
have been introduced for such applications. Thus in one typical 
example the gasket is made by first blanking it from asbestos sheet 
and coating with the synthetic rubber Neoprene cement. Another 
type is made by compressing the asbestos-Neoprene product. 

These gaskets are suitable for use on valve cover joints, rocker-arm 
covers, but not cylinder-head joints. They will withstand the effects 
of oil, steam, water, glycerine, ethylene glycol, etc., at temf)eratures 
up to 200° C., and have a tensile strength of 1000 lb. per sq. in. 

For joints that are not exposed to temperatures above about 
100° C., compressed cork sheet and rubberized fcibric are frequently 
employed. The covers of automobile headlamps are usually provided 
with compressed cork ring joints backed with fabric for strength pur- 
X>08es; this is a necessary precaution since the cork jx)88e88es very 
little tensile strength. 

Another t>T}e of engine gasket material introduced more recently 
by the Chrysler Corporation of America c^onsists of a synthetic rubber 
composition known as Ligno-Neoprene ; it is used largely as a substi- 
tute for cork gaskets. In all, three different grades are employed by 
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this firm, namely, (1) metallic asbestos gaskets for high temperatures 
and pressures, e.g. cylinder-head joints; (2) synthetic rubber Thiokol 
paper gaskets for sealing at low compression ; and (3) synthetic rub- 
ber composition gaskets, namely, Ligno-Neoprene for joints where a 
good sealing combined with a certain amount of resiliency are 
required. 

Corrugated cupro-nickel sheet gaskets* are now widely used for 
internal combustion engine and steam joints subjected to high pres- 
sures and temperatures. This type of gasket is highly resistant to 
corrosion and the corrugations seal any surface irregularities. 

Glass 

Glass is made from (a) silica, (6) salts of alkali metals, and (c) salts 
of bases other than alkalis, as follows — 

(a) Sand or felspar. 

(b) Sodium sulphate, or carbonate, or potassium carbonate. 

(c) Red lead, limestone, chalk, barium carbonate, magnesium car- 
bonate, zinc oxide, alumina, etc. 

In general, glasses rich in silica and lime are hard, whilst those 
containing much alkali, lead, or barium are soft. 

The following are typical analysesf of different glasses — 

Verre dur Glass. Silica (SiOg) 71 p(T cent, sodium oxide (Sa^O) 
12 per cent, potassium oxide (KgO) i |)er cent, (alcium oxide 14 }x*r 
cent, aluminium oxide (AlgOg) and magnesium oxide (MgO) 2 per cent. 

Jena Glass. Silica 72 pcT cent, boron oxide (BgO-J 12 per cent, 
sodium oxide (XagO) 11 per cent, aluminium oxide (AlgOg) 5 per cent. 

The silica content ranges from 50 to 75 per cent in the diflFerent 
glasses. 

Flint Glass is a dense glass which contains lead and possesses a 
high refractive index and dispersive power: it is used for lenses of 
telescopes, microscopes, and optical instruments. 

Qiown Glass was the name usually applied to lime-silicate glass, 
but it is now employed for glasses of low disjiersive power. 

It is not projiosed to go into the optical or thermal properties of 
glasses here, for ftdl information of which the reader is referred to works 
upon optics and heat. 

Glass is hard and brittle, its tensile strength varying from 2000 to 
10,0001b. per sq. in., according to the quality, and its compression 
strength from 13,000 to 40,000 lb. per sq. in. 

* See B'ig. 105, page 214. 

t Physical and Chemical Constants, G. W. C. Kaye and T. H. Laby. 
(Longmans, Green A Co.) 
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The following results were obtained from tests upon diiferent kinds 
of glass bars, plates, cylinders, and cubes. 

TABLE 109 

Mechanical Properties of Different Kinds 
OF Glass 


Name of Glass 

Form in which 
Tested 

Mean 

Spt'ciflc 

Gravity 

Mean Tensile 
Strength in 
pounds per sq. in. 

Mean Compressive 
Strength in 
pounds per sq. in. 

Best flint glass 

i in. dhfcnieter burs . 


2413 



Thin plates 

078 

4200 

— 


Cylinders } in. diu. 

— 

— 

27582 


Cubes 1 in. side 




13130 

Common green 

Bars 



28J)« 



glass 

Thin plat-es . 1 

2 528 

48tK> 



Cylinders , j 

; 

— j 

39876 


Cubes . 1 

1 

— 

- 

20206 

Extra white crown 

Bars 

1 -- 

2546 


glass 

Thin plates . • 

2450 

6000 1 



Cylinders . 1 



31003 


Cubes . . i 


’ ■_ i 

21867 


(Kent] 


The value of the elastic modulus for glass is about 4300 to 5(X)0 
tons per sq. in. for Jena crown glass and 3400 to 3700 tons ])er sq. in. 
for the Jena flint variety. 

The moduli of rigidity are from 1700 to 25(X) and 15(K) to ISOO tons 
per sq. in. respectively, and the corresponding values of Poisson's 
ratio 0-20 to 0*27 for crown and 0-22 to ()'26 for flint glass. 

The specific gravity of crown glass varies from 2*20 for the silicate 
crown variety up to 3-60 for the heavy barium crown ty{)e; for the 
silicate flint variety it is about 3*6, for the borosilicate flint 2*85, for 
the barium flint 3-95, and for heavy flint glass 5 0 to 5*9.' 

The coefficient of linear expansion of typical soda glass is 0*0000085 ; 
flint glass, 0*0000078 ; Jena glass, 0*0000060 to 0 000(X)75 ; lead glass, 
0*0000095, and Pyrex, 0*000003. 

The thermal conductivity of soda glass is al)out 1*3 to 1*8 x 10“® 
(C.G.S. units), of flint glass 2 x 10“®, and crown window glass 
2-5 X 10-3. 

The insulating properties of glass are well known, the resistivity 
being of the order of 10*^ to 10^* ohms-centimetres at ordinary tem- 
peratures, but decreasing rapidly as the temperature increases. Potash 
glass has a higher resistivity than scxla glass, and annealing increases 
the resistivity. Moisture condenses on the surface of glass and destroys 
its electrical insulating properties, due to surface leakage. 
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The dielectric constant varies from 5-5 to 10, and the dielectric 
strength from 150 to 300 volts per mil. 

Safety or Unsplinterable Glass. There are several patented processes 
for rendering glass unsplinterable, amongst which may be mentioned 
the method, used for the glass of factory buildings, houses and ships, 



Fio. 156. Fracture of a Good Sample of Unsplinterable 
Glass, oiving (’haractkristiu Spider Web 
Appearance 
(Murray <f* Spencer) 

of casting or running molten glass around Hat wire netting of fairly 
small mesh, so that the resulting sheets eontain the wire netting in 
about their central planes. 

With the increasing use of automobiles there has been a growing 
demand for a grade of glass that does not shatter into splinters w hen 
it receives a violent blow; in this respect a large number of injuries 
incurred in motor accidents are due to the fracture of the ordinary 
glass windscreens and windows ; the use of safety glass in automobiles 
is now a compulsory legal obligation. 
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It is commonly made by placing a sheet of celluloid, cellulose 
acetate, or some similar transparent material between two plates of 
glass. The surface of the material forming the intermediate layer is 
treated so as to cause adhesion between it and the glass. In addition, 
the inner siu*faces of the glass are sometimes coated with a suitable 



Fio. 167. Good Sample after ITnderooino Pen^etration Test 
[ 0>aiY Finely Powdered Glass has been Detached] 
(Murray Spencer) 


material in order to increase their adhesion. Generally, the inter- 
mediate layer is treated with a liquid immediately before mounting 
between the glass plates, pressure being afterwards employed. 

One of the difficulties in safety glass manufacture is to obtain good 
adhesion between the glass and intermediate layers. In this respect 
some unsatisfactory grades of so-called safety glass have been fitted 
to motor cars; those after a few months" service have shown dis- 
coloration of the intermediate layer, and in many cases separation. 
The result of the latter defect is a mica-like appearance that detracts 
from the transparent properties of the glass. The worst feature of such 
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glass is the splinterable property which usually renders it no better 
than ordinary glass. 

If the active solvent at the junction is in excess there is a diffusion 
into the intermediate layer so that it becomes softened and the glass 
loses its mechanical strength ; the glass is then liable to fracture under 
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Fuj. 158 . ArPEAHAxrE 

OF A Poor Sample after Penetration 

Test, urniNci which Lar<;e Krac.mknts of Glass have 


been Detached 


{Murray ct* Sptnrrr) 


small impacts or shocks. If the intermediate layer is too soft the glass 
will shatter under the action of a violent blow, and detached pieces 
will fly back from the point of impact. Similarly, if the intermediate 
layer is too brittle the non-splinterable properties will sufier. Safety 
glasses should be subjected to impact tests such as the falling weight 
one, and should further be given a prolonged testing under vibration 
conditions similar to those experienced in service on automobiles. 
The former tests will reveal the non-splinterable qualities of the glass, 
and the latter its resistance to separation of the la>"ers. 

13 " (T.Sioj) 11 
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Murray and Spencer* have devised a testing machine of the falling 
weight impact type for testing specimens of safety glass. The height 
and weight of the striker can be varied in order to produce blows of 
considerable impact value to emulate those occuiTing in motor-car 
accidents. S|)ecimens fractured with this machine are examined care- 
fully, and from the nature of the fracture an idea of their relative 
qualities can be obtained. The results of some tests are shown in 
Figs. 156, 157, and 158. 

Other tests specified for safety glass include : ( 1 ) Fracturing teat 
with blows of increasing intensity until fracture occurs. (2) Burating 
test on samples 12 in. square. (3) Heating test on a sample heated to 
10(F C. to 105'^ C. for 24 hours, after which it is examined for freedom 
from bubbles and change of colour, a Lovibond Tintometer being used 
for the latter purpose. (4) Coloration test based on exposure to intense 
ultra-violet rays from an electric arc. (5) Edge-sealing test on sample 
placed in a water-bath at 60"" C., with the edges normally sealed. 

This material is widely used for the w indscreens of cars, for goggle- 
glasses. bulkhead door illuminators, j)ort-holes, periscopes of sub- 
marines, observation window’s for armoured cars, field glasses, and 
even for st)ectacles. More recently glass has been superseded in aircraft 
by transparent s;ymthetiea such as Pers})ex, Lucite, et(*. 

In thicknesses of from 1 to 2 in., safety glasses are bullet-proof 
at ordinary ranges ; the effect of the impact of a bullet, in the case of 
the smaller sizes is to punch a clean hole, with short radiating cracks 
around it. 

Another kind of toughened glass that has been used for automobile 
windscreens is of uniform structure re.sembling plate glass. It is of 
sp(»cial comy)osition and heat-treated during manufacture so that 
upon impact the glass cracks into innumerable tiny fragments, does 
not splinter off, but breaks into harmless crystals. The windscreen, 
however, becomes obscured so that the driver is unable to see clearly 
through it. 

Glass Insulating Tape and doth 

Tape and cloth woven from fine glass thread are now employed for 
electrical insulating purposes. The fibres can be made tf) a very small 
diameter; in some cases as fine as one-fifteenth the diameter of the 
average human hair. The woven products resemble ordinary textiles 
and, being very flexible, are suitable for the insulation of coils for 
electric motors, dynamos, transformers and other eU^ctTical machines 

♦ “Testing Safety Glass,” H. D. Murray and D. A. Sr>on(}er, Tndiuft. Chem, 
(October, 1930). 
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as well as for cables. They have the well-known insulating properties 
of glass and are chemically resistant to most corrosive influences. 
They will withstand high temperatures without losing their insulating 
properties — a quality not common to most other insulating materials. 
Further, they can be treated with insulating varnishes for the purpose 
of building up insulation around metal conductors. Being imper- 
vious to moisture and posse^ssing high dielectric strength these glass- 
woven products have definite advantages over most other insulating 
materials ; moreover, they are relatively inexpensive. 

A typical example of a cr)mmercial glass cloth used in electrical 
work is that of Filx^rglas.* It consists of glass cloth woven from con- 
tinuous fibre soda -free yarn, impregnated with heat-resisting insulating 
varnishes. 

It is particularly suited to electrical insulation requirements and 
is sup})lied in various thickn ‘sses coateil with black or yellow insulating 
v^arnishes ; also in standard ta|)e widths and standard roll lengths. 
It is claimed that electrical apparatus insulated with Fiberglas has 
greater overload ca})acitv, (‘an be made smaller in size and lighter in 
weight and will outlast equipment protected with ordinary insulating 
materials. 

Outta-percha 

Gutta-|)ercha is the name given to certain varieties of gum, similar 
to those from which rubber is diTived, the Ix'st qualities of which are 
obtained from the Isonda gulta-tree, which grows in Borneo, Sumatra 
and Malacjca. The gum lialata, which is similar to gutta-percha, is 
derived from tre(\s in Wnezuela. 

Gutta-jx^rcha is produced from the latex or gum in the same man- 
ner as rubber, but it is generally used in the pure state, and is not 
usually vulcaniz(‘d, ])igmcnted, or filled. 

The density of gutta-percha varies from 0*97 to 0-98, and its elec- 
trical resistivity is about 34 x 10® ohms-centimetres, the apparent 
dielei^tric constant Ixung 'i SG. 

Gutta-j)ercha is much used for insulat ion purposes, i.e. for covering 
submarine cables, splices and joints. 

Insulating Tape 

This material, which is also known as rubber-treated or adhesive 
tape, consists of fabric ta|x^ (linen or cotton) impregnated with plastic 
or sticky gum, the biuse of which is rubber gum. Fillers and bituminous 


Mado by tho Irving Company of New Jersey, U.S.A. 
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substances are used to adulterate the gum; the best grades contain 
the more expensive rubber gums. 

The impregnated fabric possesses fair electrical insulating proper- 
ties, ahd when slightly warmed can be made to adhere to itself and 
to metal, wood and other surfaces. 

It is much used for electrical repair work, temporary lead insula- 
tions, as a temporary means of preventing air leaks in pipes, preventing 
nuts and other parts shaking loose, preventing rattle of adjacent parts 
on automobiles and aircraft, stiffening laminated springs, etc. 

Leather 

Leather is derived from the hides of domestic animals by tanning 
processes. 

It is much used in engineering work for driving belts, friction 
lining material, washers for hydraulic work, cocks and taps, etc. 

The specific gravity of leather is from O-tX) to 0*98, a cubic foot 
weighing about 57 to 60 Ib. on the average. 

The tensile strength of single, ordinary (oak) tanned leather belting 
varies from 30(K) to (KXK) lb. per sq. in., for Helvetia single leather 
from 5500 to 6000 lb. |)er sq. in. ; for double, ordinary tanned leather 
2000 to 3600 lb. per sq. in., for double Helvetia leather 4()00 to 5500 lb. 
per sq. in. Mineral-tanned belting gives from 4000 to 7(KX) lb. jkt 
sq. in. 

The horse-power transmitted by a leather belt, per inch width, is 
given by the following relation : — 

~ 33,000 

where T = difference between the tensions on the driving and free 
side of the belt in lb., and V — belt speed in feet per rnin. 

The working stresses vary from about 40 lb. per inch width for 
ordinary single belts to about 90 lb. for heavy double belts.' 

The British Standard Specification B.S. 424 requires a minimum 
strength of 2500 lb. per sq. in. for splices in oak-tanned leather belting. 

The coefficient of friction of leather is high for low pressures, the 
value var3dng from 0*4 to 0*5 for temperatures below 30'* C. and for 
pressures lower than 20 Ib. per sq. in. and on cast-iron surface's. 

linseed Oil 

Linseed oil is a vegetable oil obtained from the s(?eds of flax, and 
it is widely used as a constituent of paints and varnishes. 

It has a specific gravity of 0*932 to 0*936 at 15 ' C, 
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Boiled linseed oil, when exposed to ordinary atmospheric condi- 
tions, becomes oxidized into a viscous or hard film; this effect is 
accelerated by the action of heat, or drying agents. 

The raw linseed oil is chiefly used with white lead colours, and the 
boiled variety (whicjh tends to darken paints) with dark colours, such 
as reds, greens, browns, blues and black pigments. 

The method of obtaining boiled linseed oil* is to add to each gallon 
of raw oil about 0 oz. of litharge and 2 oz. of red lead, and to heat 
for a few hoiurs at about 120"^ C. to 2<)0° C., afterwards running off the 
clear oil when cold. 

The drying quality of linseed oil is usually tested by painting a 
piece of glass and exposing to a temperature of 38° C., noting the 
time required to. dry. 

Linseed oil is widely employed in oil varnLshes, with soluble gums, 
such as amlxT, copal and gum aniini : these varnishes take a much 
longer time to dry than the spirit varieties, but give more elastic, 
harder, and more durable results. 

The name iuwxyn, or oil-rubber, is given to the rubbery material 
formed by the oxidation of linseed oil. It is sometimes used for so- 
called ‘'artificial ” rubbers, with other filling ingredients. 

Mica 

Mica is a n‘fra( torv material, being a double silicate of alumina, 
or magnesia, and ])otash or sixla : it contains various impurities 
such as iron, which gives it a grey or black foliated apfiearance, mag- 
nesia, which tends to darken it, and aluminium silicate, which helps 
to render it more transparent. 

Mica is obtained in the form of laininate<l sheets, which can be 
readily split into thin sheets as small as mm. in thickness. The 

lK*st grades of mica come from India and Canada, the American or 
df)mestic grades coming last. 

Whitt* or Muscovite mica is much used for electric and other 
heating apparatus ; transjwrent lamp and gas chimneys and panels in 
oil and gas stoves are made of white micu. 

The largest commercial sizes of cut mica sheets are about 8 or 
10 in. sq. or 10 X 8 in., and are much more exix*nsive com|xired with 
smaller sizes, so that it is now usual to employ for electrical purposes, 
where possible, moulded or built-up mica sheets made from small 
flakes or ground mica, known under various commercial names, such 
as Micanite, Mica-paper, MicA-cloth, Megomic, etc. 

Pure mica, is one of the best electrical insulating materials known, 
* The oil is not ** boiled” in the real sense of the word. 
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as it not only possesses a very high resistivity bCit also is capable of 
withstanding high temperatures. 

The resistivity of mica varies with the grade or source of origin, 
but the following values* represent the more reliable results — 


TABLE 110 

Electricax. Properties of Mica 


Source i 

1 

1 

Resistivity in Ohin- 
centimetros ( x 

l)ieleetri(‘ i 
Constant 

1 

! l)isriiptiv*o Strength 
in Volts per 
i Millimetre 

Bengal . . ! 

Madras 

Canada 

South ^Vnierica . | 

i 1,5 133 

1 7 -US 

0-44 'll 
; 3U 

1 1‘iioo ! 

i 2-8-4-7 

: 2 ‘) 3 0 

1 ‘>0 

i.. . ... .i 

50,(H)U SO.OOO 
[ 40,000 120,000 

80,000 

40,000 90,000 


For ordinary electrical design purjMxses the volume resistivity is 
taken as 4 X 10'^ to 2 x U)'’, the latter figure being for clear and 
the former for ruby mica. 

The surface resistivity at 75 })er cent humidity is from 6 X 10® 
to 1 X 10^^ the limits being for the two varieties previously men- 
tioned. 

The electric strength varies from 2000 to 6000 volts per mil 
according to the thickness, the higluT value lading for the best sheets 
1 mil thick. The power factor of the Museoviie micas is less than for 
the amber micas ; thus for clear Muscovite mica the power factor 
may be as low as 0 003. For clear amber and silver amber micas the 
power factors are 0 02 and 0 05 resjxjctively. 

The specific gravity of mica is about 2-7 to 3-2. 

Its specific heat varies from 0*206 to 0-208. 

The thermal resistivity varies from 180° C. to 250° C, per watt per 
cm. cube. 

The melting point of mica is 1200° G. to 1300° G. 

The insulating properties of mica are retained up to 600° G. to 800° C., 
the effect of increasing temperature being to disintegrate the laminae 
into small fiakes. 

Amber mica, of Ganadian origin, is less affected by heat than the 
other varieties, and is somewhat softer ; it is used for the armatures 
of motors and dynamos, as it is not so hard as the domestic grades and 

* Vide Standard Handbook for PUectrical fCnyineers (McGraw Hill Book Co.). 
Mica, Its History^ Production^ and XHilization^ H. Zeitlor. Mica, Canadian Dept, 
of Mines Publication* 
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wears down at approximately the same rate as the copper segments 
so that hard mica ridges are not formed. 

Condensers used for magnetos and high-frequency purposes employ 
the best clear ruby mica ; sometimes, however, specially selected 
slightly stained mica is employed. 

For heating and cooking where mtHjhanical strength considera- 
tions are concerned the Muscovite micas are used ; where great heat 
is required, as in an electric furnace, phlogopite is employed. 

Micanite, made from thin pieces of mica into large sheets, using 
suitable adhesives, is chea[x;r than mica, but is inferior in electrical 
pro})erties; morcov’^er, it should not be used at higher temf>eratures 
nor under oil. Micanite commutator separators are made from Indian 
ruby splittings. Micanite is also available as hard boards, made by 
impregnating with special bonding media and baking under pressure. 
Moulding micanite is another variety for sheet material parts of special 
form. There are also several other forms of Micanite, including Mica- 
folium, Flexible ilicanite. Reinforced Flexible Micanite and Heat- 
resisting Mican ite . 

Mica is used for numerous electrical purposes as an insulator ; 
it is employed in the form of a series of washers, tightly clam]:)ed and 
turned to size, for the insulation of high-grade automobile and aero- 
plane sparking plugs. 

Porcelain and Steatite 

The grades of |)orcelain employed for electrical purposes contain 
silica, clay and felspar; the three felsj)ars which are used compri.se 
orthoclase (or potash h'lspar), albite or iiulianite (or soda felspar), and 
anorthite (or lime felspar). 

The (^lays emj)loyed are china clay or kaolin and ball clay. 

The following is a standard composition — 

Quartz . lU) por cent 

Kaolin . . .50 ,. 

Kol.si)ar . . *J0 

The felspar acts as a flux and tends to unite the other constituents 
when fused. 

Porcelain may be made either by the dry proc4!Ss, in which the 
ingredients are mixed and moulded imder hydraulic pressure and then 
“fired*' in the usual way, or by the ^vei process, in which the materials 
are mixed with water, into a wet plastic cake, moulded or worked to 
shape, dried, and, after dipping in the glazing bath, placed in the 
kiln before “firing.” Most electrical [)orceIains are made by the wet 
process. 
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The glazing mixture contains more flux than the porcelain mixture, 
so that it vitrifies at a lower temperature. The shrinkage during 
manufacture, from the clay, amounts to from 10 to 20 per cent. 

Dry process porcelain is usually porous and is not suitable for high 
voltages. 

Electrical porcelain has a specific gravity of from 2*5 to 3*6. It 
is not affected by oils, acids, alkalis or water, and it should not be 
porous in the unglazed condition. 

The coefficient of linear expansion varies from 2*6 to 6-5 x 10“® 
per degree C. 

The specific heat is 0-17 to 0*25 (0° to 1000° C.) and the thermal 
conductivity is 2*5 X 10 ® C.G.S. units. 

The electrical resistivity of unglazed porcelain is of the order of 
10^^ to 10^® ohms per cm.® at ordinary temperatures, but decreases 
fairly rapidly with temperature increase. At high temj)erature8 it 
becomes a conductor, so that it is not suitable for electrical furnaces. 

The dielectric constant is from 4*4 to 6*8, and at low frequencies 
the disruptive voltage is about 30 kilovolts for a thickness of 0*1 in, 
and about 110 kilovolts for a thickness of 0*5 in. 

Although not of the porcelain group, the low loss ceramic material 
known as Steatite has better electrical properties ; it is, however, more 
expensive. 

The following are typical pro|)erties : Specific gravity, 2*7. Electric 
strength at 50 c/s., 900-1150 volts/mil. Power factor (tan d) at 20° C. ; 
300 kc./s. - 0*0003 ; 50 me./s. - 0*0005. Permittivity (k), 5*5-6*5. 
Insulation resistance at 300° C., 3*2 X 10'® ohms/cm.® Compressive 
strength, 140,000 lb. per sq. in. 

European soft felspathic unglazed porcelains have a tensile strength 
of from 10,000 to 12,6001b. per sq. in., and a compressive strength 
of about 65,000 lb. per sq. in. 

The modulus of elasticity is about 2,500,000 lb. i)er sq. in. 

Porcelain is widely used for electrical insulators, fuse-boxes, large 
and small ^switches, insulated handles, electrical connections, sparking 
plug body insulators, outside live wire insulators, etc. 

Sparking Plug Insulators 

The insulating materials used for modern sparking plugs of auto- 
mobile and aircraft engines include mica, certain ceramic insulating 
materials and sintered aluminium oxide. 

(1) Micay whilst possessing excellent electrical insulation proper- 
ties at the engine working temperatures and secondary circuit sparking 
voltage of 5000 to 8000, has certain disadvantages. Thus, it has a low 
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heat conductivity so tiiat cooling of the plug is difficult, and it en- 
courages the accumulation of current-conducting deposits such as 
burnt oil and fuel-origin carbon during the “idling” periods of opera- 
tion. Further, if overheated the mica becomes dehydrated with conse- 
quent expansion and brittleness leading to the formation of a white 
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powdery substance. The thermal exjmnsion of mica is alx/ut one-half 
that of the steel central electrode and vshell, so that it is more di^cult 
to maintain gas-tight joints. Micti ha,s also an affinity for moisture 
which is a disadvantage for engine starting and slow runniitg purposes. 

Finally, when used with leaded fuels iniea-iiisulated sparking plugs 
are exposed to attack by the lead products, the practical effects being 
evident as partial disintegration by pinholes punctured right through 
the mica to the electrode within. 

For normal tyj/es of {wtrol engine the mica insulated plugs have 
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given satisfactory results in the past with ordinary petrols. The 
mica used for the exposed part of the insulator near the central elec- 
trode is usually of the clear ruby or Muscovite grade, made in the form 
of washers placed over the central electrode and tightened securely. 
The rest of the insulator is often in the form of mica wrappings around 
the electrode — since washers would provide potential leakage paths 
between the laminations from electrode to shell. 

(2) Ceramic Itmdatons. These widely used materials include the 
porcelains and steatite, special grades being employed for aircraft 
engine sparking plugs. In the earlier ceramics quartz and felspar 
constituents were employed, but these were found to cause volume 
changes with impaired insulation efficiency at high tenqx^ratures and 
so they were replaced with the inert mineral knowm as Sillimanite — 
an anhydrous aluminium silicate ])roduct, both strong and tough, 
with a melting [mint of about hSlO^'C. 

More recently improvements in ceramic insulators have been effected 
by employing much finer ground materials and higher production 
temperatures, the products being suiXTior in mechanical and thermal 
properties and glaze fit. An advantage of ceramic insulators is their 
relative lightness as compared with mica : thus it is possible to make 
aircraft engine plugs of about one-third th(‘ weight of mica ones. 

(3) Sintered Aluminium Oxide. This more recent insulating material 
consists of aluminium oxide sintered into a hard homogeneous sub- 
stance having about five times the thermal conductivity of porcelain 
and twice its strength. Moreover, it is immune from attack by “ leaded ” 
fuels such as the high octane ones used in aircraft engines. 

It possesses a thermal expansion coefficient nearer to that of 
nickel and steel than any of the ceramic insulators, and it is there- 
fore easier to obtain gas-tight joints. A further advantage of this 
insulating material is the ease with w hich it can be (^leaned ; even 
sand-blasting does not injure its surface. Certain initial difficulties 
in connection with the insulator joints and low insulation resistance 
due to carbon deposits when ojKjrating at low temperatures — as when 
the engine is “idling’’ — have now t)een overcome satisfactorily. 

S\ntox is a typical insulating material of the sintered aluminium 
oxide class; a typical application of this material is given in Fig. 159. 



CHAPTER XI 

ENGINEEBINO PLASTIC MATERIALS 

The rfnethods of manufacture of articles, both metallic and non- 
metalTic, used for engineering purposes, by direct machining processes 
have given way, in many cases, to those of casting or moulding. 

The advantages of being able to obtain parts to the desired shapes 
and sizes by mass -production methods are obvious. In this respect 
particular mention must be made of the hot-stamping and die-casting 
methods, described in previous chapters, emx>loyed for many non- 
ferrous alloys; these give articles requiring practically no machining 
or finishing for most purposes. 

In the case of certain organic or non-metallic materials used for 
parts hitherto made by lengthy and o^ten complicated hand and 
machine processes from woods, the development of the moulding pro- 
cesses has resulted in millions of articles covering a wide range of 
shapes and sizes now being made at extremely low cost. Moreover, 
each of these parts can be made in large numbers, to exact dimensions 
and in materials very much harder, stronger, and more durable than 
woods. 

In addition a variety of colour and surface effects, including various 
wood and metallic surface finishes, can be obtained with many of the 
synthetic materials in question. 

The plastic materials that have been employed in engineering work 
include bitumen, natural resin, cellulose esters (cellulose acetate and 
nitrate), casein and resinoids or synthetic resins. 

These and other materials employed for similar purposes may 
conveniently be grouped under two main headings, as follows: (1) 
Thermo-plastic materials and (2) Thermosetting materials. 

Thermo-plastic Materials 

Thermo-plastic materials are the less permanent ones which soften 
under the application of heat (with or without pressure) and are hard 
when cool. Repeated heating and cooling does not in general affect 
their physical properties. The thermo-plastics include bitumen, 
casein, cellulose acetate, natural resins and certain more recent com- 
pounds, such as pohjstyroly polyvinyl^ and methyl-methacrylate. 

Bitumen, the oldest known plastic, was employed about 3000 B.c. 
The bitumen plastics of to-day are used chiefly in the electrical industry 
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and are made from bituminous products by mixing with a suitable 
filler, such as slate dust or asbestos in powder form. These plastics 
can be moulded into various forms and have good electrical insulating 
properties. They have been used for battery-cell plugs, stop]:)ers, 
electrical mouldings of the chea|ier class, etc. 

Cdsein is a precipitation product obtained from milk by the action 
of rennet or acid. The casein obtained is ground, coloured and moulded 
or extruded into rods, sheets or blocks. These are then hardened by 
treatment with a solution of formaldehyde. The casein product is 
not suitable for moulding into intricate forms as with the synthetic 
resins, but is used in the rod, sheet or block form to make articles by 
machining processes, e.g. sawing, turning, drilling, etc. It is slightly 
hygroscopic so that its uses are somewhat limited to articles such as 
handles, buttons, knobs and ornamentally-turned parts. Typical com- 
mercial casein plastics are Erinoid and Galalith. In connection with 
the production of casein it requires gal. of skimmed milk to make 
1 lb. of casein. 

Cellulose acetate is a modern substitute for celluloid which is made 
by the treatment of cellulose nitrate with camphor. Unlike the latt(*r 
material cellulose acetate is not highly inflammable, but merely burns 
at a slow rate, or chars. It is usually available in transj)arent slieet 
form, but can be obtained as a moulding powder; it is also suj)plicd 
in the opaque form. Celastoid and Cellmtine are typical cellulose 
acetate type plastic materials. The cellulose acetate plastics have good 
electrical insulation properties, a sfiecific gravity of 1-25 to 1*55 aiul 
tensile strengths of H to 2| tons per sq. in. 

Cellastiue* is a c€?llulose acetate coin])ound having a plastifying 
agent which renders it stable under normal conditions. It is supj)lied 
in rods and sheets, has good electrical and mechanical j)ro})erti(*s 
and is used for electrical and wireless parts where good insulation 
properties are desirable. 

Breakdown electrical tests made on opaque and transparent Cel- 
lastine in oil at 20'" C. showed that from 650/750 volts per mil were 
required for opaque colours of 0 060 in. thickness, and 840 for trans- 
lucent ones of the same thickness. 

Tests made on black Cellastine mouldings gave the following 
characteristics — 

Specific gravity, 1*55. 

Gross breaking strength, 4380 lb. per sq. in. 

Breakdown value at 20"* C. on a thickness of 88 mil., 636 volt/mil. 


* British Celanose Ltd., London. 
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Volume Kesirttivity — 

20 ' (>., 1-5 X 10** ohrns/cm. cube. 
r>7'^C., 1-8 X 10» 

Surface UosiHtivity — 

20 'C., 1*4 X 10*® ohriiH/cm. sq. 

57'^ (!., 5-4 X 10’ „ 

Cellastine is employed for a variety of industrial purposes, apart 
from its engineering applications. The transparent Celastoid or 
Cellastine has been used for a-eroplane windscreens. Some other 
applications include acoustic instruments, bathroom fittings (e.g. 
brackets), clock cases, coach and motor body building (for interior 
fitments, smoker’s requisites, facia boards, and instrument dials), 
cutlery handles, cycle manufacture (Celastoid tubes are being used for 
covering frames, handlebars, pumps, and for chain cases), drawing 
instruments, as a glass substitute for steam gauges, motor goggles, 
indicators and lamp glasses (both transparent and coloured). It has 
another imjiortant use. namely, as the intermediate layer of safety 
glass used for windscreens, since, unlike celluloid, it does not discolour 
with prolonged exposure. 

Polystyrols are therrno-plastics obtained by jiolymerization of the 
hydrocarbon styrene which is derived from ethylene. These materials 
are normally quite transparent, strong and of excellent electrical 
properties. 

This material can also be obtained coloured. It has a specific 
gravity of I 05 and a tensile strength of 5000 to 5500 lb. |>er sq. in. 
It is non -hygroscopic. 

Polyvmyls are thermo-plastics derived from vinyl compounds such 
as vinyl chloride or acetate. They are obtainable in either the opaque 
or coloured condition. The s|x?cific gravity varies from 1*25 to 1-35 
and tensile strength from 6000 to 8000 lb. per sq. in. The material is 
very slightly hygroscopic. 

Methyl -methacrylates are among the recent thermo-plastics which 
are used for aircraft construction purposes, being transparent and 
strong. They have an important application for the windows, domes, 
windscreens and similar transparent parts of modern aircraft. Typical 
<*ommercial ])lastios of this group include Perspex, Plexiglas, Lucite 
and Diakon. 

The physical and mechanical projx?rties of the principal kinds of 
thermo-plastic materials are given in Table HI.* 

* “Plaatic Moulding,” G. Uring, 7Vie AtUotnobitc Kn^incer, .April, 1938, 
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Properties of Thermo-plastic Materials 



Water absorption, iminer- « { ' I • 

Sion 24 hours . 0 0.> 015 ! 0-3 ! 0 00 1— 3*7 ' 1-4-2-8 ! 1*0-3 0 
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Tnermo-setting Plastic Materials 

This important group of plastic materials includes those which 
soften or become plastic under the influence of heat (with or without 
pressure) and on continuous application of this heat (with or with- 
out pressure), or by pressure alone, set into liard compounds which 
cannot again be softened by heat application, i.e. are |jermanent in 
constitution. 

The thermo-setting plastics include the ])henol-formaldehyde and 
urea-formaldehyde products, the latter being the more recent ones. 

The phenol-formaldehyde plastics are ])roduced by the condensa- 
tion of phenolic compounds with formaldehyde. (Vesols act in the 
same way as the phenols but giv’c different end products. The resulting 
synthetic resin may be utilized in jiowder form mixed with a suitable 
filler such as wood -flour, asbestos or flak(‘d fabric. This composite 
powder when heated under pre.ssure in suitable moulds first softens 
and takes the same shape as the mould ; it then harrlens into a solid 
compound. 

The synthetic resin can also l)e mixed with suitable solvents to use 
as varnishes which are employed for impregnating (‘lectric coils, etc., 
for binding and insulation purf)o.s(\s; it is also used as a lacquer for 
coating painted or j)lain metal surfa(*es. 

The resin is also eni])l()yed to impregnate wood, pa]XT or cloth for 
electrical and also decorative panels. WIkui several layers of fabric 
are employed a laminated ])roduct of relatively high strength is 
obtained ; this product has many engineering uses, to which reference 
is made later. 

Synthetic resins of this class are also u.^^eHl as adhesives. It may 
be mentioned that the mo.st widely em])loved plastic of this class is 
Bakelite. 

Urea-fornmldehyde plastics. Urea, which is made from ammonia 
and carbon dioxide, is used either alone or mixed with thiourea and 
allowed to condense with formaldehyde, the syru])formed containing 
from 50 to 00 per cent of synthetic resin ; this syru]> is used to impreg- 
nate wood-fiour and similar fillers for moulding purposes. 

The urea-derived synthetic resins, whilst resembling the jihenol tyf)e, 
have the important advantage over the latter of l)eing much more light- 
resistant, and they give very light coloured and light-fast moulding 
materials, whereas the phenolic resins are amlx^r or brown. The urea 
resins can be used not only for moulding powders, but also for var- 
nishes and the impregnation of pa}>er or fabric vsheets. Their absence of 
colour enables attractive semi-transparent sheets and mouldings of 
light pastel shades to be obtained. 
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The physical and mechanical properties of typical phenolic and 
urea formaldehyde moulding compounds, in the final set conditions, 
are given in Table 112.* 


TABLE 112 

Properties of Thermo-setting Plastics 


Properties 

Phenol Formaldehyde Moulding 
t'ompoiinds 

WtKxl-flour Mineral Fabric 

Filler i Filler j Filler 

I 1 

Crea 

Ft)nnaldehyde 
('ompound 
Alpha Cellu- 
lose Filler 

Compression ratio (iuilk 
factor) .... 

2 .S O 

2-2-7 1 

2-.'v 1 1 0 

30 

Specific gravity 

1 34 1 52 

1-7(4 2 00 

1-37 1-40 

I 4S 1 50 

Tensile strength in lb. per 
sq. ill 

d,(KM) 1 1 .IMO 

5.000 10,000 

(>..500 s.ooo 

8,000 13,000 

Modulus of ela.sticity, lb. per 
sq. in. X U)‘ . 

10 1;> 

10 45 

7 12 

10 

Compressive strength, lb. per 
sq. in. . . . , 1 

lfi,0(Kl 30.(KM) 

IS.OOO 30.000 

20,000 32.0fM) 

24, 0(H) 3.5,0<M) 

Fle.xural .str<*ngth in lb. per | 
sq. in. . . i 

S,(H)0 ir>,(H)0 

8.( MM) 20,000 

10,000 13,(K)0 

13.(H)0 15.0(M) 

Impact strength, ft. -lb. . j 

C-Charpy, 1 Izisl. ! 

X-Notch(*(l, C -Cnnotched | 

010 0-2S 

I, X 

0 11 0-3fi 

1. X 

0 4 2 4 

1, X 

0-7-1 -5 
(’. U 

Softening point (degrees C.) . j 

None 

None 

j None 

None 

lireakdown voltage. 60 cycle."*, | 
volts iK*r mi! (instaDtanc<>u.<) i 

3(K) ,500 1 

250 4(M) 

3(M)-4;50 

050 720 

Power factor 10* cyclc.s . j 

0 04015 i 

0-10 01 5 

O-OM 0*20 

! Z 

Water absorption, immersion 
24 hours .... 

j 

0 2 OO 1 

! 

001 0 3 

10-13 

1-2 


It is characteristic of all these resins that they possess high dielec- 
tric projieriies and in the final phase are practically insoluble in most 
of the known solvents ; they are generally immune from attack by 
alkalis or acids. 

These outstanding properties have led to the application of syn- 
thetic resins of this class on a very extensive scale to plastic mouldings, 
whereby an almost unlimited variety of shafies and sizes of finished 
articles can rapidly lie produced. The principle employed in this 
method is to subject the material (in the powder or plastic form) to 
high pressure and heat simultaneously, whilst it is enclosed in steel 
moulds. Metal inserts can also be moulded in position. 


* AntCf page 391, iioto. 
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The articles thus produced can be made rapidly and with almost 
perfect uniformity of shape and dimensions, with a polished finish and 
in practically any desired colour. They possess excellent mechanical 
strength and electrical profierties ; moreover, they are greatly superior 
to articles made from the best timbers. 

British Standard Specification for Phenolic Materials. The British 
Standards Institution, in 1938, issued a Specification (No. 771) for 
Synthetic Resin (Phenolic) Moulding Materials and Moulding, which 
was the first of a series of British Standards for such materials and 
mouldings. It 8i)ecifie8 the actual pro]K‘rties of one particular moulding 
powder, namely, the phenol-formaldehyde or phenolic kind, giving 
a classification into five special type's, and the physical, mechanical, and 
electriqal properties of each. 

Bakelite Products 

Bakelite is a synthetic product of wide ap] dication discovered by 
Dr. Baekeland when experimenting with various substances in the 
endeavour to find a substitute for shellac. 

It was found that when equal amounts of phenol (carbolic acid) 
and formaldehyde (a wood distillation product) were heated together 

TABLE 113 

Proprrttks of Bakelite Moolotno Materials 


(Jpiipral Hpftt ShfH'k j Water Low 

I’urpoac Kesi^tant ! ReMstant Resistant . Loss 

(ira»l('S (trades Grades Grades ; Grades 


Speritic Kravity I ;U l-4:» | 17 2 0 • 135 I 40 17 19 1-7 1-9 

Tensile streiiKtL (ll>. l>er ! . j 

s<|. In.) I 7,r»()0 4.(WM) (*.(KM) ,">.000 7,000 ; 5,r>00 7.500 I 4.5tK)- 0,500 


Izod iin|>a('t .stren^ftli (cin. 
kKin. per s(|. (’III.) 

14 10 

1 (1 20 

3 4 23 0 

14 16 

12 19 

Jiii)>a('t strength (ft.-lh. 
B.S.S. 771) 

0 17 0 22 

on 15 

0 3 15 

0 17 0 22 

o 14 0 24 

.Mnisture ahsorptlnn 
(iiigins. B.S.S. 771) 

90 120 

20 70 

2(K> 300 

10 30 

10 20 

Fleet rir strength at 90“ (’. 
(volts per mil) . 

30 ir>o 

,">0 120 

20 100 

TO 120 

300 400 

Fleet r!e strength at 20^ 
(volts per mil) . 

l.'VO 250 

100 200 

120 2,50 

200 -3(K) 

3(M) 400 

Vnimne rii.sl8tivity at 
20 ' V. (megohms per 
em.*) 

10* 10* 

I 10* 10* 

10* 10* 

10* 10* 

1(V 10* 

Snrfaee re.si.stivity at 
20 ('. (megohms per 
em.*) 

! 10* 10* 

10* 10* 

10* 10* 

i 10* 10* 

i 

10» 10* 

Weight per ruble inch 
(oz.) 

1 0 70-0 84 

0-98 1 1.5 i 

0 78 0 81 1 

1 0 98M ! 

0 98- 11 

Moulding eontrirtion i 

(inch per Inch) . 

0005- 01)08 

! 

0 002 4) (104 1 

0 003 0 005 

1 ! 

: 0 (102 0 004 ! 

0 ()01 0 (H)3 

Bulk factor . 

23 30 1 

2 2-31 

4 15 

1 23 4 0 i 

18 25 

C(H'lhelent of thermal ex- 
pansion per “t.’. . 

1 

0’(K)(K)3 j 

1 0(>()(H)2 i 

oikioo;’ 

1 2 

0 00002 j 

0(HXK)2 


[Bakelite, Ltd., London.} 
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in the presence of a base, an amber coloured substance was formed. 
This substance is soluble in alcohol and acetone; it has a melting 
point of about 120° F. The material in question has been given the 
name Bakdite Re.nn ‘M.** 

When this substance is subjected to further heat -treatment it is 
converted into a hard, insoluble, infusible, transparent and amber-like 
material kno\^Ti as Bakdite Resin This is the final product 

employed for so many electrical and engineering purjx)se8 under the 
name Bakelite. 

The commercial Bakelite moulding materials consist of the resin 
mixed with various fillers under strictly controlled conditions. 

It is interesting to note that although the materials employed to 
make Bakelite Resin “A” have characteristic pungent smells, the 
final product is free from any odour. 

Bakelite moulding materials contain as their binding agent the 
synthetic resin previously mentioned. 

Filling Materials 

The use of filling materials such as wood-Hour and asbestos in 
Bakelite moulding materials is for the purpose of modifying their 
properties and affording special colours to the finished products. Each 
component is included for a special purpose. For example, wood- 
flour is employed to give improved mechanical strength ])ro|)orties 
without affecting the lightness of the original material. Asliestos is 
used to give greater heat resistance. 

Bakelite moulding materials are supplied commercially in powder 
form, ready for use in the moulds. It is strongly recommended that 
such powders shall be used without admixture or adulteration, and 
that the moulding technique recommended by the manufacturers be 
followed precisidy. 

The wood-flour materials are made in powder form, dry and granu- 
lar. They soften readily and flow under the action of heat and pressure. 

The standard moulding powder is made in two colours, viz. black 
and brown. It is also produced for sjiecial purposes in various opaque 
colours, such as reds, greens, yellows and grey; it can also l)e sup- 
plied to give wood finishes such as walnut, mahogany, rosewood, etc. 

The wood-flour moulding materials give hard, sharp, moulded 
parts with clean lustrous surfaces, reprcnlucing both the shape and 
nature of the mould surfaces with almost exact fidelity. Thus, if the 
mould has a highly polished surface, the mouldings will have the same 
finish. Each piece leaves the mould ready for use after the thin “fin'* 
liM been removed. 
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Inserts of all kinds can be embedded securely in the Bakelite dur- 
ing the moulding process. This is a particularly advantageous property 
in electrical, wireless and instrument work, for metal screws, pins, 
nuts and similar items can be moulded in place so that parts when 
extracted from the mould are ready for assembly or use. 

In special circumstances where drilling, tapping or machining 
must be done after moulding, no difficulty is experienced. Threads 
of reasonable strength and accuracy can be moulded in the material. 

For electrical purposes standard grades of moulding powders are 
available, giving good dielectric properties, but when moulded articles 
are required to withstand high temperatures, they may be stoved 
after moulding at 130*" C. for 48 to 80 hours. 

In addition the material is odourless, non -hygroscopic, unaffected 
by oil or petrol, or by exi)osure to Uunperatures up to 350° F. It will 
not soften or deteriorate with age, and retains its initial colour without 
fading, indefinitely. 

The moulding materials are packed in airtight steel drums for 
transport and storage purposes. 

Bakelite, apart from its use as a wood substitute, is used as a bond- 
ing medium for abrasive wheels, with emery, aloxite and carborundum. 

Some Applications of Bakelite. It is impossible to mention more 
than a few instances of the uses of Bakelite in the present limited space, 
but special note may be made of its applications to parts hitherto 
constructed from hard woods and certain metals where sufficient 
numbers are required to justify the relatively expensive moulds of 
the process. Its ease of moulding into complicated shapes enables it to 
replace exi)en8ive fabricated or cast parts in the materials mentioned, 
whilst the range of surface colours and effects, combined with the 
excellent surface finish as taken from the mould, has led to its adoption 
in an extremely wide field of applications. 

It is employed for moulded electrical parts of complex and simple 
design requiring good electrical insulation properties. Typical exam- 
ples are electrical panels, radio set cases, switchgear, telephone parta, 
electric fans, lighting reflectors, loudspeaker parts, small electrical 
components, lighting and power sockets, plugs, connectors, terminal 
blocks, electric clock cases and components, various designs of elec- 
trical fittings, etc. 

In automobile work it is used for instrument panels, coil-ignition 
parts, mouldings, gear-lever knobs, ashtrays, cigarette lighters, insu- 
lated components, number-plate housings, window frames, knobs of 
controls, etc. 

The armatures of dynamos and motors are impregnated with Bakelite 
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insulating varnish; this material has numerous other applications 
in the electrical industry. It is also used as a protective coating or 
lacquer for polished metal parts and for safety razor blades. 

Parts of variable pitch airscrews — notably the collars — ^are made 
from a series of shaped laminations of Bakelite material. The blades 
themselves can be made, in hollow form, from reinforced Bakelite, 
moulded to shape. 

Another more recent use of Bakelite is for making stereos of half- 
tone printing blocks, the Palaplate process of duplication being em- 
ployed in this connection. 

The bodies of small cameras are also being made of moulded 
Bakelite. 


Asbestos Fibre Materials 


The filler in this case consists of asbestos fibre. The moulded 
product is more resistant to heat and will withstand greater shock, 
but cannot be machined so readily. It is less resistant to mineral 
acids. 


The following are the physical and mechanical properties of this 
product — 


Specific gravity 
Weight per cubic inch 
Coefficient of linear expansion . 
Dielectric constant . 

Dielectric strength . 

Tensile strength 
Compressive strength 
Modulus of rupture (transverse 
strength) , . . . 


1*8.5 
1 *08 oz. 

0*00002 per 
4-0 7*0 

150 500 volts per mil. 
2*0-2*7 tons per srj. in. 
8*0-16 


6*0 13 


This material is supyjlied in the standard colours brown and black. 


Flaked Fabric Moulding Material 

A Bakelite moulding material introduced at a later jxjriod than 
those previously mentioned employs small flakes of fabric as the filler 
instead of wood-flour or asbestos. The resulting moulded material 
possesses greater shock resistance than the others mentioned, namely, 
as much as ten times that of ordinary moulding materials. 

It is recommended particularly for such parts as hand-saw handles, 
handles for garden tools, switch handles and other parts having t/O 
withstand shocks. 

The natural colour of the material is a mottled brown, but it can 
be obtained in brown or black. 

Flaked fabric Bakelite parts have a specific gravity of 1-37, and 
tensile strength of 217 tons per sq. in. 
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It is moulded in a similar manner to the other products, but the 
volume before moulding is much greater, viz. 8 : 1 instead of 3 : 1 
for standard wood-flour materials. 

The Moulding of Bakelite 

Bakelite moulding powders require the use of mechanical, elec- 
trical and hydraulic presses fitted with suitably heated top and bottom 
platens. Steam is generally employed for the heating process, a steam 
boiler working at about lb. per sq. in. being recommended. 

A convenient size of press for ordinary work is one with platens 
measuring 12 x 12 in., with Sin. ram and 10 in. to 12 in. stroke. A 
set of pumps is required to operate the hydraulic presses in cases where 
a large number of mouldings are to be made, but hand-operated presses 
are used for small quantities. Presses can be worked direct from the 
pumps, but the use of a hydraulic accumulator is advised as it 
ensures more uniform application and better control of the pressure. 

The pressure required to mould Bakelite material varies from 
500 to 2500 lb. per sq. in. of projected moulding area, depending upon 
the type of mould and shape of the moulding. 

It is important that all presses should be fitted with an operating 
valve to control the pressure. 

In almost every case it is advisable to use a comparatively light 
pressure until the mould is practically closed. The extreme pressure 
can then be exerted and maintained until the moulding is completed. 

Mouldings made from Bakelite moulding material are always ejected 
from the hot moulds without any warping or distortion effects result- 
ing on contact with the cooler atmosphere. 

After the first moulding has been made the mould will be hot. It 
can be re-charged in this condition, but after being so charged it is 
most important that the mould should be placed under pressure as 
speedily as possible, otherwise the heat may cause the Bakelite material 
to harden and the chemical change will take place before the mould 
IS closed. The consequence of this would be a faulty moulding and, 
perhaps, damage to the mould. 

The time required for the mould to be under pressure varies 
according to the size and form of the moulding which is required to 
be produced. 

It may, however, be generally taken as from 1 J min. for a piece 
weighing, say, | oz., with a corresponding increase of time for a 
moulding larger than this. This period also depends upon the tem- 
perature of the mould. 

The moulds are heated, preferably, with steam at about 1601b. 
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per sq. in. pressure. The temperature corresponding is between 326'' F. 
and 375® F. The work does not suffer if left in the mould for long 
periods. 

Tabletting 

For certain types of mouldings, known as flash mouldings, it is 
usual to pre-form the moulding material to give round or conveniently 
shaped tablets, which are placed in the impression of the mould, 
instead of using moulding powder direct. 

Special machines known as Tabletting machine.^ are now available 
for this purpose. 

Moulds 

In regard to the moulds employed for Bakelite moulding materials, 
these vary considerably in design according to the type and sha])e of 
article to be moulded. In general there are three ty{)es of mould in 
common use, viz. (1) the Flash Mould, (2) the Positive Flash Mould, 
and (3) the Plunger or Positive Mould, 

1. Flash Mould. The flash mould is suitable for multiple mould- 
ings, and is cheafier than other types. It is usually associated with the 
tabletting process, and consists essentially of two parts : a top and 
bottom plate which come together under pressure. In most cases the 
impressions are separate pieces from the main plate or mould surface 
in order to facilitate removal of a damaged part for repair or renewal. 
In each of the plates the impression of the moulding required is bobbed 
or machined so that when the two halves come together the complete 
moulding is formed with a thin flash between the two plates. In this 
case a slight excess of material is used which forms the flash. This 
is necessary as the tablet or powder is not totally enclosed until the 
plates close up and a certain amount is pushed out. The amount lost 
in this way is exceedingly small, and is compensated for by the saving 
in time and cheaper cost of the mould construction. These moulds 
are easy to handle, simple to clean, and are worked wTth multiple 
impressions. 

2. Positive Flash Mould. This type of mould is a combination 
of the flash and positive plunger mould, described later, with the 
object of using powder in conjunction with a mould low in initial cost 
and with multiple impressions for more rapid produ(;tion. These 
moulds produce articles joined by a thin flash. 

The impressions to be moulded are -hobbed or machined out of 
the lower and sometimes the plunger plates. A distance piece or 
surrounding wall rests on the lower plate to receive the powder and 



ENGINEERING PLASTIC MATERIALS 


403 
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Fio. Irt3. A Typical Flash Mould Used for 
Moulding Powders 
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enclose it. The plunger is a sliding fit into this and brings the powder 
under pressure. Therefore, with this type it is possible to load into the 
mould one bulk of powder and the plunger forces this into all the 



Fig. 164 . Plastic Moulding Prockss. Inserting the 
Moulding Powder into the Moulds 



Fig. 165 . Plastic Moulding Process. Closing the 
Mould, Prior to Applying Heat and Pressure 


mpressions. Consequently, by using this type of mould much weighing 
or measuring of powder is eliminated. 

3. Plunger or Positive Type Mould. This type of mould consists 
of three or more parts, and is used exclusively in conjunction with 
powder as distinct from tablets. These moulds are not so low in initial 
cost as the flash type referred to above, but are adaptable for certain 
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classes of work which are impracticable with a flash mould, such as 
very large mouldings, where only one impression at a time is possible. 

The three parts of this type of mould are : (a) The body of the 
mould; (b) the top tool or plunger; (c) the bottom tool, which is 
frequently used for ejecting the moulding. 

{a) The body of the mould is made of such height as to allow the 



Fio. 16 ( 1 . Plastic Moi^ldino Proce.ss, Removing the Moulded 

Articles 

whole of the powder to be charged into it, so that the plunger follows 
up the powder as it contracts. 

(6) The plunger is made long enough to give the correct thickness 
to the moulding when the top of the plunger is flush with the top 
of the body of the mould. 

(c) The lower tool is removable from the body of the mould and 
serves the purpose of ejecting the moulding. , 

Moulds are generally made of a good quality carbon or alloy steel, 
suitably heat-treated and highly polished. 

The contraction allowed on mouldings is 0-006 in. per linear inch. 
The ratio between the volume of powder requin'd and that of the 
mould itself is about 2:1; rather more than this, however, should 
be allowed for the flash or spew, etc. 

The Moulding Process 

The actual moulding process is as follows — 

The mould is heated and the powder or pre-formed tablet is fed 
into the mould. This is then put on the hot plate of the press and the 
latter closed. 
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It is necessary to perform this operation as quickly as possible, 
otherwise the powder will harden before the pressure is applied. The 
pressure, as previously mentioned, varies over a fairly wide range. 



Fio. 167. Examples of Laminated Fabric Bakelitk Gears 

The time of moulding must be just long enough to ensure complete 
hardening of the material in the mould. The pressure should then be 
released and the article discharged. 

The time for any given moulding varies from a few seconds to 
several minutes. 
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Bakelite Laminated 

A particularly strong and serviceable form of Bakelite is now 
made by the application of heat and pressure upon superimposed 
layers of paper or fabric, impregnated with Bakelite synthetic resin 



Fio. 168. Examples of Stampincs in Bakelite Laminated 
FOR Electrical Purposes 


The laminated sheets obtained are extremely hard, water- and heat- 
resisting, chemically inert and of high dielectric strength. 

This material is supplied in standard sheets 50 in. X 50 in. and 
downwards, and in thicknesses from 0*004 in. to 2*0 in. in the case of 
paper impregnated sheets and from 0*008 in. to 4*0 in. in the case of 
the fabric material. The thinner sheets can be stamped or punched 
out to any desired shape for electrical laminations and similar pimposea 
(Fig. 168). 

A special grade in thicknesses from 0*010 in. to 0*125 in. is made 
for telephone insulation. 

Bakelite Laminated is also used for radio panels and for silent 
pinions and gears. In the latter respect it comes into the same cate 
gory as fibre, rawhide, Fabroil, and similar materials, and is always 
employed in mesh with one or more metal gear wheels (Fig. 169). 
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Gears for Machinery Drives 
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A particularly interesting application of Bakelite Lairunated was 
that for timing gears of motor-car engines and for magnetos. It was 
sometimes used for the secondary or camshaft gear, in mesh with a 
steel gear wheel of one-half the numl)er of teeth. 

Other applications of Bakelite Laminated gears include bridge 
cranes, boring, planing, milling machines and hydraulic pumps. 

These gears run silently, are unaffected by oil or water, and will 
run warm without deterioration ; moreover, their life is much greater 
than that of steel gears. 

It is unnecessary to employ metal shrouds with this material; 
this is an advantage from the point of view of saving gear-w^heel width 
and cost. 

In connection with the design of laminated fabric gears the same 
principles apply as ip the case of ordinary gear wheels. 

Bakelite Laminated gear material is made in thicknesses from 
< 5^4 in. up to 4 in. For gears with a larger face than 4 in. the practice 
is to bolt two or more pieces together to make up the desired 
thickness. 

Sheets up to | in. thick are aui)plied in the standard size 42 in. x 
36 in. Above f in, the size is 36 in. X 3t) in. 

The physical and mechanical properties of the several grades of 
Bakelite Laminated materials are given in Table 114. 

The gear material may Ik? turned, sawn, drilled, tapped, and 
machined in like manner to metal.* 

Turning tools should be of high-s|ieed steel, tungsten carbide or 
diamond cutting at a similar speed to that for bronze or cast iron. 

For turning lufnhuded synthetic material, the l)est tools, in order of 
efficiency, are the diamond, tungsten carbide -tipped steel and high- 
speed steel tools. 

The tool bits should have no top rake and a cutting angle of 80'', 
with front clearance of 10''. The cut can be to J in., but the feed 
should be 0*03 in., regardless of the cut. The cutting speeds usually 
range from 100 to 400 ft. i)er min., according to the grade of sheet, for 
all depths of cut. 

Drilling should be done at right angles to the laminations, and the 
drills used should have a point angle of oO"" to 60", a slow angle of 
twist (or helix) and flutes as wide as possible. 

For drilling parallel to the laminations a point angle of 120" should 
be employed. 

The drilling sjieeds vary from 1600-1000 r.p.m. for drills up to J in. 

• Full particulars concerning machining and tools for Bakelite l..aininated are 
given in a publication issued by Bakelite Ltd., London, 



TABLE 114 

Pkopeeties of Bakelite Laminated Materials 



[Bakelite Ltil., London.: 
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diameter to 600-100 r.p.m. for those of ^ to 1 in. diameter. A rapid 
feed is recommended and an air blast to keep the drill cool. 

For milling purposes high-speed steel cutters with at least six teeth 
per inch should be used. The cutting speeds vary with the tool design 
but a good guide is to use a speed of 400 ft. per min. for a 5-in. diameter 
by 1-in. wide cutter. The teeth should be well backed off. 

Applications, Bakelite Laminated has now a wide field of applica- 
tion on account of its good physical and mechanical properties. Apart 
from its uses as a decorative and structural material for veneers and 
panels of buildings it has many mechanical applications, being superior 
to wood and metal in many instances. It is employed for bearings of 
heavy shafts (as previously mentioned in Chapter VII) and gear wheels ; 
spur, helical, mitre, and herringbone gears have been cut successfully 
in this material. 

The idler gear on the camshaft drive of gear-driven timing arrange- 
ments of ptdrol engines is often made of this laminated material. 

In aircraft construction it is used for fairletid pulleys and guides, 
instrument panels, electric wiring conduit, aerial masts, supports, etc. 

There are many uses for this material in electrical engineering, 
notably for insulated comjx)nents — which are punched from the lam- 
inated sheet — tele])hone apparatus, and for radio apparatus, where 
terminal panels, valve holders, bushings, coil frames, spools, mounting 
platforms, etc., are made of it. The material is also used for the insula- 
tion of 132,(.KK) volt transformers and switchgear, for electrical instru- 
ments, barriers between circuit breakers, laminated tubes for high- 
tension current conductors, square and rectangular tubes for insulating 
bus-bars, switch rocker-bars, fuse panels, railway signalling devices, 
electric clocks, etc. 

Simple shapes can be moulded in Bakelite I>aminated (fabric or 
paper) in steel moulds under heat and pressure ; such mouldings 
are much stronger in tension and impact values than the ordinary 
material. 

Synthetic-resin Bonded Fabric Sheet 

The British Standards Institution Specification No. 972 — 1941 
describes a bonded fabric sheet for mechanical and electrical purposes, 
made in three qualities wdth different numbers of threa<Ls per inch in 
warp and weft which has minimum tensile strengths of 14,000, 10,500 
and 9000 lb. per sq. in., and cross-breaking strengths* of 20,000, 
18,000 and 16,500 lb. pCr sq. in. respectively. 

* Modulus of rupture values. 

14— (T.5303) » 
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Plastics lor Aircraft Purposes 

In recent times a good deal of attention has been given to the use 
of plastic materials for aircraft constructional purposes and a certain 
amount of experimental work carried out, in some cases with promising 
results. The principal objects in view are the eventual utilization of 
plastics of suitable physical and mechanical properties for the produc- 
tion of some of the stressed parts of aircraft, notably the wings, control 
surfaces, fuselages and airscrews. 

Whilst it is not difficult to obtain some of the desirable physical 
and mechanical properties, it is at present not possible to obtain the 
necessary combination of all the essential properties under commercial 
conditions of manufacture, and there remain certain difficulties to be 
overcome before this material can be regarded as a rival to other 
modem aircraft materials used for stnu^tural parts. 

It has been shown in the preceding paragraphs that the strength 
properties of sjmtlietic-resin plastics can be increased considerably by 
the addition of reinforcing materials, including wood-liour and fabric. 
Other materials that have been employed with promising results in- 
clude cord, fine fabric, felt, cellulose fluff*, paper-pulp fibre ai\d cotton. 

In this manner the teiisile strength of the original syntlietic resin 
base material, namely, 5lKH)-6t)(Hj lb. pcT sq. in., can be increased to 
about 40,000 lb. per sq. in.; in one particular instance of cord rein- 
forcement values up to 69,0(K) lb. jX‘r s(|. in. have been obtained. 

The usual tensile strengths of fabric reinforced resins of commercial 
origin range from 20, (XX) to 28, (XX) lb. per sq. in. ; the compressive 
strengths are usually of the same order or rather higher by 10 to 15 
per cent ; in certain cases, however, the values are appreciably lower. 

The specific gravities of reinforced synthetic resins generally lie 
between the limits of 1*34 and 1-38. 

From the point of view of the specific strength as denoted by the 
ratio of tensile strength to specific gravity, several of the reinforced 
plastic materials compare favourably with the light high-strength 
alloys. Thus for a tensile strength of 24,(X)0 lb. per sq. in. and sjKicific 
gravity of 1*36, the specific strength is 17,650 as compared with 19,000 
for duralumin and 19,700 for wrought triagnesium alloy. 

A more recent felt base synthetic (phenolic) resin* cmplo.fs fibres from 
the inner bark of a tree which are arranged in a manner similar to 
that used in paper making, the fibre length and texture being carefully 
controlled during manufacture. This material can be moulded into 
thin sheets of various shapes suitable for aircraft purposes. It has a 

♦ “ PIctstics and Production,” 8. C. Hart*8till, The Aeroplane^ 8th November, 
1938 . 
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tensile strength of 28, 000 lb. pcT sq. in. ; compressive stress of 25,000 lb. 
j)er sq. in. ; shear stress of IKKK) lb. jM'r sq. in. ; and modulus of 
elasticity of 2*77 X 10®. The 0- 1 jier cent proof stress value is 24,600 lb. 
per sq. in. The specific gravity is 1*38. 

An interesting comparison lietween the s]iecific strengths of cer- 
tain high-sf rength light alloys and this felt-base plastic is given in 
Table 115. 
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The values in the last column on the right are included since they 
have a direct bearing on modern stressed skin construction : they 
may lx? used as a buckling criterion for flat panels which have the same 
sujx^ficial area and weight. 

The results given in Table 1 15 indicate that the felt-base plastic 
compiires very well with the light alloys in specific strength values, 
although the modulus of elasticity is aj)preciably lower; the specific 
proof stress value, however, is higher than that of the other alloys 
with the exception of the high-grade aluminium alloy; the 01 per 
cent proof stress and tensile strength of the latter are taken as 62,700 
and 74,000 lb. ])er sq. in. respectively. 

In connection with the possible application of the felt-base plastic 
for aircraft construction, some comparative values for strength and 
stiffness are given in Table 1 16 ; the values there given have been 
computed from the following relations — 

llelative Weight 

E (f 

Relative Stiffness = 



414 


ENQINBEBINQ MATERIALS 


where / is the maximum stress in the beam, E the modulus of elas- 
ticity and S.G. the specific gravity. 


TABLE 116 

CoMPARATn^E Values for Strengths of Beams 
(S. C. Hart-Still) 
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Felt -base plastic . | 
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Another promising plastic material at present in the experimental 
stage is synthetic resin reinforced with fabric of flax cord type which, 
in the direction of the cords, gives tensile, compressive and shear 
strengths of 69,400, 30,2(X) and 20(X) lb. per sq. in. respectively. The 
modulus of elasticity is 7*4 x 10® lb. per sq. in., and sp(?cific gravity 
1-45. With this material it is possible to obtain improved compres- 
sive strength, but at the expense of tensile strength, or reduced com- 
pressive strength with increased tensile strength and elastic modulus. 
The shearing strength value, namely, 2000 lb. per sq. in., is quite low, 
since for other reinforced plastics of lower tensile strength the values 
are from 6000 to 10,000 lb. per sq. in. 

As a further example of a strong plastic material mention is made 
of cellulose fluff impreywated with a phenolic resin which is available 
initially in the form of thin cardboard sheets and then moulded under 
a pressure of about 2 tons per sq. in. at 150'" C. The tensile strength of 
the board thus obtained is 22,000 Ib. per sq. in. ; compressive strength , 
22,500 lb. per sq. in. ; shear strength, 70(X) lb. per sq. in. ; modulus of 
elasticity, 2*1 x 10® lb. per sq. in. ; 0*1 per cent proof stress, 12,500 lb. 
per sq. in. ; specific gravity, 1*39. 

This material has been used experimentally for moulded wings, 
tail planes and fuselages. 
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An interesting comparison between the mechanical properties of 
representative reinforced synthetic resins is given in Table 117.* The 
materials in group (A) are commercial ones ; those in group (B) were 
sjiecially developcni for ex|)erimental airscrews ; and group {C) is the 
previously mentioned material used experimentally in aircraft 
(jonstruction. 

Fatigue Resistance of Reinforced Plastics. An important item that 
must be taken into account in considering the use of these materials 
for the stressed parts of aircraft is that of fatigue resistance. In this 
connection Dr. Gough has given the Wohler endurance limit for a 
fabric reinforced synthetic resin of tensile strength 14,600 lb. per 
sq. in. (longitudinal) as ± 58001b. per sq. in. for 10,000,000 cycles; 
the sjiecific gravity of this material was 1-32. 

For ll.R.50 wTought aluminium alloy of 2*75 S.G. the endurance 
limit is about db 20,0(X) lb. jier sq. in., so that on a weight basis this 
alloy is very much better than the plastic material. 

ReinforceHl plastics jKissess good damping characteristics. In this 
connection the energy absorption in torsional oscillation is about 
twenty times that of aluminium. 

The UKiler absorption proi)erties of these materials is a factor that 
must be c(jnsidered, since any attempt to obtain high tensile strengths 
by reduction of the resin content is accompanied by a reduced resis- 
tance to water absorption, so that the stressed material is then liable 
to volumetric changes and possibly to eventual disintegration under 
load. 

Shrinkage and Compression Allowafice. In the solidification of 
plastic materials of the phenol-resin base type a certain degree of 
shrinkage o(*curs, so that due allowance should be made in the design 
and dimensions of the moulds. For materials of the Bakelite type 
with fillers of asbestos, very little shrinkage occurs, but for ordinary 
iiakelite a shrinkage allowance of 0 006 in. per linear inch should be 
made. Each particular moulding composition has its own definite 
shrinkage allowaiure, which for different proprietary plasties varies 
from 00025 in. to 0-008 in. jier linear inch; the compression ratios 
employed vary from 1 *8 to 1 to 3*0 to 1 . 

In general, nnnforced synthetic resins lend themselves to sjieed 
and ease in production of aircraft partvS, for complete wing and fuse- 
lage sections are capable of mass-production, using suitable moulds and 
materials. The problem of making saiisfacktry joints is one that has 
not been fully solved, whilst jidhesion in the manner of gluing wooden 
parts presents certain difficulties. 

♦ “Materiftls of Aircraft Construction,” B . J. Gough, .4tro«. Jovm., 1938. 
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Mechanical Pbopebties of some Reinforced Synthetic Resins 
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The absence of corrosion attack in these materials and the ability 
to produce extremely smooth and polished surfaces — without the 
usual rivet heads or depressions of the metal-constructed aircraft 
parts — are further advantages. 

In the U.S.A. certain new plastic materials, using Nylon and Saran 
reinforcings, are claimed to have the strength of steel, and to be suitable 
on a strength-to-w^eight basis for aircraft construction. 

In connection with the use of large parts moulded from plastic 
materials these would require very large presses capable of producing 
a pressure of the order of 2(KXjlb. |)er srp in., so that the design of 
these would be complicated, the sizes considerable, and the cost a 
heavy one. 

Bakelite-faced Wooden Spars 

To strengthen wood spars employed in aircraft construction a new 
type of Bakelite laminated material has bc^en developed which has 
a wood surfacing. This woixl faced laminated material is intended 
for use where the ends of the membcTs are subjected to heavy shearing 
or bearing forces. By a special process of manufacture, the adhesion 
between the wckkI face and the core of Bakelite material is finally 
greater than that of the shear strength of the wood, while the w^ood 
surface itself is unaffected by any i^enetration of the s\mt bet ic -resin 
bonding material. In effect, therefore, a member so treated will retain 
the natural proj)erties of wood and can be joined to other wooden 
members by gluing. 

A typical example of one of its us€‘s is the jointing of wing spars to 
the fuselage in w’ooden aircraft construction. Because of the liability 
to splitting and the low^ l)earing strength of the wood, a large number 
of bolts is required. The new material, however, has a very high 
bearing strength, the |)ennissible loading Inung 25,000 lb. per sq. in., 
and when inserts of the material are incorjx)rated the strength of the 
joint is greatly improved to the extent, as shown by tests, that only 
one-half the numbtT of bolts is required. The inserts are easily slotted 
into the wood members and gliieil in }K)sition or glued on to the outside 
of them. 

Plastic-bonded Plsrwoods 

Hitherto the plywoods that have been used in aircraft construc- 
tion have consist^ of thin veneers of selected timbers such as birch, 
ash, beech, etc., glued together with hide glue (used hot) or cemented 
with cold casein cement under pressure. The resulting pljnvoods. 
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however, were open to the serious objections of relatively low mechan- 
ical properties for their densities, variation of moisture content 
with consequent variation of strength properties and, in the case of 
casein glue plywoods, open to attack by mould (fungi) and water. 
Thus, the plywoods in question did not possess constant physical or 
mechanical properties under the conditions of usage. 

These objections — which were mainly responsible for the discarding 
of these plywoods for aircraft stressed parts — have more recently been 
overcome by the use of urea-formaldehyde resins as impregnating and 
bonding materials ; moreover, the resultant product has been shown 
to be of high specific strength value and permanent in character — 
except for very low moistme absorption which does not appear to 
affect the mechanical properties. 

The S 3 aithetic resin may be applied in liquid form to the surfaces 
of the veneers or in the form of resin-soaked sheets of paper of about 
0-1 mm. thickness, Tvhich are dried before placing between the veneers. 
The assembly is then united at 140° C. in a suitable press of the usual 
plywood t>q)e. The joints thus obtained are exceedingly strong and 
permanent. Various processes have now^ been developed in connection 
with the manufacture of plastic-bonded plywoods. These largely fall 
into two principal classes as follows — 

(1) That in which the synthetic resin is used primarily as a binding 
medium for thin veneers by application as a surface layer, without 
previous impregnation of the wood, followed by the application of 
both heat and pressure. 

(2) That in w^hich rather thicker veneers arc used and are im- 
pregnated with synthetic resinous material, the veneers Ining then 
assembled into layers with the grains arranged in different directions 
and finally heated and pressed to form permanent sheets. It is possible, 
by suitable arrangement of the veneer grain, selection of the number 
of veneers and degree of compression, to vary the strength along the* 
length of the sheet so that beams of equal strength in bending ciin be 
produced. 

In regard to the former method, owing to the lower proportion of 
resin to wood, the density is low'er and the specific strength higher. 
As the resin content of the plywood is increased the density increases, 
so that by a suitable variation of resin the density can be altored 
between the limits corresponding to specific gravities of about 0*7 to 1*4. 

In regard to the physical properties of such plywoods, the results 
given in Table 118 relate to tests* made at the Royal Aircraft 

♦ ** Laminated, Compressed and Impregnated Plywoods,” W. D. Douglas, 
Air Ministry Report, 1938. 
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Establishment on seven samples of laminated birch and one of’ 
laminated beech. 

TABLE 118 

Physical Properties of Plastic Bonded Plywoods 


Material 

! t 

1 Density | 

I lb. per cub. ft. | 

1 I 

Spocifif* 

Gravity 

1 Number of 
• Venec^rs per 
i inch thicknesg 

Solid birch . 

. 1 44 ‘ 

0-71 

1 

Laminated birch . 

. i 4.^)-fi i 

0-73 

13* 

Laminated birch . 

. 1 .54 o ' 

U-87 

,50 

Laminated birch . 

. ' 56-4 : 

0-00 

49t 

Laminated birch . 

62-2 i 

1-00 

20* 

Laminated birch . 

61) 

MO 

34 

Laminated birch . 

86 

1-38 

81 

Laminated beech 

86-l> 

1-31) 

12 


The densities and mechanical strength pro}K^rties of these ply- 
woods are represented graphically in Fig. 171. J In connection with 
the density graphs shown on the left, if radial lines be drawn from the 
zero or origin of the two scales these will represent lines of constant 
sfiecific strength, i.e. strength divided by density. Thus, the line 
marked xx has been drawn through the experimental value of the 
tensile strength of birch wood, and may be used for comparing the 
corresponding values of the laminated woods of curve A. The line 
yy refers to the specific strength of duralumin having a tensile strength 
of 25 tons |)er sq. in. 

Mention may also he made of an exceedingly strong pUistic bonded 
plywood using hickory, having a density of 59*7 lb. jx^r cub. ft., and 
tensile, compressive and shear strengths of IlO.otX), 23,000 and 4()00 lb. 
per sq. in. res[)ectively. The elastic modulus is 0*9 X 10® lb. j^xr sq. in. 

In regard to the fatigue resistance of the^e plytvoods, the latter 
exhibit characteristics similar to metals and ordinary woods. Thus, 
Wohler tests made upon a laminated wockI having a tensile strength 
of 30,0001b. })er sq. in., and density of 701b. per cub. ft., gave an 
endurance limit of :t H3(X) lb. per sq. in. at 5 x HP reversals of stress. 

Aircraft AppUcaliom, The so-called plastic method of construc- 
tion of aircraft refers to the use of plywoods using thermo-setting 
synthetic it^sins, which are moulded or formed to the required shajies 

• Venoers treated with resin in liquid form ; all others with intorleavoil dry 
resin hlms. 

{ Every eighth venoer with grain traiisverse ; all others longitudinal. 

Ante, page 415, note. 
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and sections by special methods which differ considerably from those 
employed for ordinary plastic moulding proc^esses. 

When moulding with veneer it is necessary to fit the wood into or 
around the mould, and to iise some means of applying the plastic 
between the layers before pressure is applied. As a true hydrostatic 
condition is not established it is necessary that one-half of the mould 



CEN5I7Y- POUNDS /CU: FOOT. DENSITY- POUNDS /CU: FOOT. 

Fio. 171. Tk.sts on Laminatko (’fiMpitiossKi) AND Impkkonatkd Wood: 


Six of Kirch, One of Hekch; ad.so Solid Kirch 

A = Ultimate tensile: Loneitiidiiial. // - ■« Ultifuate ten.Hile; Tr.in.Hversp. T’ - M<nIiiIus 
of rupture in bendim;. !> -• (Nuripreswive .strength: l.otiKitiidiiml. E - CoinpreHsivt* 
strenjrth: Tran3v»*r8e. F Voiiuk’k inofliiliiM (7^*): i.on((itudinaI ; O' - VounK'H modulus 
(E): Transverse. // Notched bar iiiifMiet. ./ ^ Shear streiiiith : liOnKitiidinal, parallel 
to laminations. K — Shear strentfth ; I.oiuritiidinal. transverse to Inmiimtlons. L Shear 
strenKth: Transverse, parallel to laminations. 

should be yielding, unless the parts moulded are flat or shallow ; or in 
instances where the pressure can be applied uniformly all over tlie 
surface. 

In the most favoured method the principle employed is that of an 
inflatable rubber bag as one of the halves of a pair of moulding dise ; 
this method avoids the necessity of an exjiensive pair of matched 
dies. 
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Various patented processes which have been employed in the 
United States for making moulded plywood parts of aircraft, e.g. 
fuselages, wings, floor units and smaller components, include the 
Duramold, Timms and Vidal ones.* Each of these methods utilizes 
the rubber bag principle. 

Fig. 172 illustrates a methodf employed to mould the half sections 
of fuselages. It uses inner and outer dies of metal or wood. The imier 
mould is shown at A, the rubber bag at B, outer steel shell at C and 
base-plate at Z). At B is indicated the pressure connection for air, 
steam or hot water. The shell C is of cylindrical shape and is bolted 
to the base-plate D. The veneer parts are cut to such tapers that each 



Fig. 172. Method or Moulding Half Sections or Fuselages 
• IN Plastic- BONDED Plywood 

layer covers the preceding one completely without any overlaps. The 
layers are held in position by means of tacks, paper or cloth tape, 
steel bands or wires. The deflated rubber bag is placed over the 
freshly spread veneers, and the outer shell is then fitted over the 
whole and bolted to the base. The rubber bag is then inflated with 
air, hot water or steam, so that the veneers are forced together and 
bonded solidly ; wooden frame bracing members can be inserted into 
suitable moulds and the plywood bonded to them at the same time 
as the veneers are consolidated. 

In the Duramold process duralumin sheet metal of ^ in. thickness 
is employed. This is made possible because pressure and heat are not 
applied from one side only, but from all sides, by placing the entire 
mould and its contents and cover in a tank to which steam at 100 lb. 
per sq. in. pressure and 150® C. temperature is admitted. As the 
mould is “female*' and is made very smooth on its inner surface the 
resulting plywood shape is also extremely smooth. The veneers usually 

* Described in Automotive Industries^ 15th January, 1041. 

I **Airoraft Plywopd,** Aircrqft Production^ June, 1041. 
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employed range from ^Vr to jV thickness. The edges of the veneer 
strips are cemented together before the strips are set in the mould. 
Alternate layers of veneer are placed with their grains at right angles 
to those adjacent. As a rule a sheet of tissue paper impregnated with 
phenolic resin is placed between each layer, whilst for the outer sur- 
faces a resin dissolved in alcohol is sprayed all over ; the alcohol 
evaporates and leaves a coating of resin for coating purposes. Adliesive 
tape is used to hold the plies in position in the mould. The imnilx^r 
of plies employed is varied over the mould area according to the 



Fio. 173. Aircraft Flooring madk of Plastic-bonded 
Plywood 

strength requirements, so that the resulting moulded shajie possesses 
the full strength needed at each and every section. 

In view of the fact that thick seetion.s require a longer jxTiod for 
the resin to melt and consolidate than thin ones, fine-wire thermo- 
couples are embedded in the centres of the thick sc'ctions to enable 
the temperature to be measured during the moulding process. When 
the veneers, resin and thermo-couples are in place the contents of the 
mould are covered with a rubber blanket and the latter is clanqxxl 
to the mould at the edges in such a way that tlie contents of the mould 
are completely sealed. The air is then exhausted from the mould by 
means of a vacuum tap connection and the as.scmbly is slid into the 
steam tank. The period of time required for moulding sections up to 
fin. thickness in the steam tank is 10 to 12 min. The completed 
mould contains from 10 to 14 per cent of its weight of rt^sin. 

Aircraft parts up to 10 ft. in diameter by 20 ft. long can be made 
by the Duramold process. In this connection an exjx^rimental air- 
craft known as Model 46 Fairchild, with its fuselage made by the 
process in question, has made successful flights. Other experimental 
aircraft flown in the United States have their fuselages, control sur- 
faces and wings made from laminated plywood. . 

Fig. 173 illustrates a section of aircraft flooring made by the 
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Dunimold process. The core plies used are poplar of in. thickness. 
At each side of the core wood are two plies of birch, those fitting into 
the channels being formed in U-section w’ith a radius at the inner 
corners. Flooring made in this manner weighs about 0-7 lb. per sq. ft., 
and is c;apable of supporting a distributed load of 400 lb. per sq. ft. 

Other parts made by the moulded resin plywood processes include 
wing spars, ribs, gussets, skin cmerings, wing tanks for petrol, ailerons, 
rudd(*rs, tail y)lanes, (?l(‘vators, pilots* .stoats, arul airscrew blocks. 

Improving the Bearing Strength of Wood 

.Apart from the requirements of high tensile, compres.sive and shear 
strengths for minimum weight, plywood constructions used in aircraft 
must also }K)ssess adequate Ix^aring strengths at places where bolts 
pass through. For this ynirpose laminated and compresstni material 
oft'er considerable jul vantages over plain woods. If, in addition, 
fabric inserts are employed at these })laees, a marked increase in 
bearing strength can be obtained. The results of tests mentioned by 
Dr. (Jough* made upon silver spruce showed that the laminated 
mat(‘rial was 2*4 and 4*4 times as strong (according to the orientatio 
of the laminations) as ordinary wood, while the addition of fabric 
inserts raised the value to 0-4 times. For this reason composite beams 
and stru(*tural c^ornyMments are now made where the comy)ressed wood 
is ninforced loailly to withstand tliese shearing forces. 

Hollow Moulded Airscrews 

Airscrews made as hollow Bakelite mouldings rey)resent another 
more recent application of reinfi>rced synthetic resins. They y)Ossess 
(excellent strength, resistance to corrosion, damyang capacity and good 
fatigue resistance. 

At the time of t heir inception these airscrew blades were the largest 
mouldings yet made in which continuous lengths of fabric in cord or 
sheet form were used. Tlie threads at the root end forming the flange 
are unbroken throughout the whole length of the blade excey)t where 
necessitate<l by the gradually reducing cross-section. A core of fusible 
metal is accurately locateil in the centre of the blade and around this 
the reinforced material is moulded and comy)ressed. A high-frequency 
furnace is employed to melt out the core metal without damaging the 
blade. 

.A faluic treated with Bakelite resinoid, known as Texolex, has 
been adoy>ted for the manufacture of cylinder, barrel and shim yilate 


Ante^ page 415, note. 
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chafing rings on the de Havilland V.P. airscrew mechanism ; it is also 
used for pistons and cylinders for the hydraulic operating gear of under- 
carriages and is being tried out by two hydraulic gear manufacturers 
for further applications in connection with hydraulic mechanisms on 
aircraft. 

Barrel supports on the de Havilland' V.P. airscrew mechanism 
are moulded from fabric impregnated with Bakelite resinoid. A barrel 
support is positioned between the spider and the barrel providing a 
solid support on three sides for the latter. In addition it locates the 
barrel so that the blade bearing rings and races do not fret against 
the inside face. 



CHAFrKR XI! 

RUBBER AND ITS COMPOUNDS 

The name “rubber” is ^iven to a number of different natural gums 
jK)ssessing certain common pro]K‘rties and constituents, and also to 
synthetie or artificial rubbers. 

The chemical designation of rubber is rather indefinite, but its 
synthesis shows that it belontrs to the ter|Kuie series of the general 
(diemical formula In addituai. many of the (rude rubbers 

contain ])roteids, resins, hydrocarbons, and r)ther substances, which 
have to l)e removed by different processes. 

The eonstituents of rublx*r an* contained in the milky fluid known 
as latex, which is obtained by the* incision and tap])ing of the bark of 
certain tropical trees, vines, and shrubs. 

The latex, which is contained in vertical tubes or vessels in the 
inner bark, and which must 1 k' distinguished from the sap, has the 
a])]>earance of thin cow’s milk, and th(‘ crude rubber is obtained from 
it by the process of coagulation. 

The materials (*mployed to obtain (‘oagulation vary with the 
different sf)ecies of latex, and they include acetic acid, alcohol, air 
(fermentation process), blood, alum, lime and lime juice. (Vrtain 
agents, such as heat, sunshine, and smoke, also promote coagulation. 
Much of the lx‘st Para rubber is obtained by ex}M)sing the latex to the 
smoke of burning palm-nuts. 

Cr^pe Rubber. This is produc(*d from the coagulated latex by put- 
ting it through a series of poxAcrful ditferentially-gearod roller machines 
under a stream of water to wash away the im])urity known as the 
serum. The final product consists of thin sheets with a grained or 
corrugated surface. These are hung in the air to dry and \ueld the 
pale erfepe rublx^r of commerce. 

rVe|K 5 rubber is elastic to some extent , but does not compare with 
the commercial rubbers pnxluced by vulcanization with the use of 
fillers and acetderators. Its tensile strength may be as high as 0-5 ton 
ptT sq. in. in the lx?st varieties. 

Crepc! rubbt*r is sometimes employed as a substitute for leather 
where abrasive action o(‘curs. 

The excellent abrasive resistance of raw rubber has led to its 
application for many engineering purpost's. Thus it has been found 

426 
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far more lasting than steel for the lining of ball mills and the floors 
of dredgers. 

A sand blast which will remove f\^ in. of mild steel in a given period 
of time will not have any apparent eflect on a suitably compounded 
and vulcanized rubber. 

In some cases rubber is used as a binder, as in asbestos packing, 
5 per cent being sufficient to hold the materials firmly together. 

Purification of Rubber. The crude rubber obtained by the coagula- 
tion process is next treated to eliminate mechanical impurities by 
washing, the rubber being washed in hot water and then disintegrated 
or tom into small pieces in a special machine through which water 
is constantly circulated. The rubber pieces are then dried by passing 
through rollers, diu'ing which process they become flattened out into 
thin sheets. 

The next process consists in mixing with the crude rubber certain 
substances for hardening, filling, colouring, cheapening and generally 
improving the rubber for its various commercial purj)Oses. The num- 
ber and the nature of the substances employed vary with the type of 
the crude rubber, and depend upon its intended use. Amongst the 
materials employed for cheapening and filling crude rubber, and at 
the same time improving its mechanical properties, may be men- 
tioned sulphur, oils, resins, tars, whiting, white lead, talcs, barytes, 
clays, reclaimed rubber and rubber substitutes. 

Fats, waxes and oils are also used to facilitate the mixing process, 
whilst bitumens such as tar, asphalt and pitch are employed for bind- 
ing, frictioning and mixing purposes. 

Pigments such as lithopone, vermilion, zinc yellow, lampblack, 
oxide of iron, antimony, arsenic and mercuric sulphides, graphite, etc., 
are incorporated with the fillers for the purpose of coloiming the 
finished rubber product. 

The black pigments available are more finely divided than the red 
ones giving the red rubbers, e.g. one of the sulphides of antimony. 
The black pigment employed consists of finely divided carbon obtained 
by the imperfect combustion of natural gas ; it is known as gas black. 
Rubber goods containing from 10 to 20 per cent of this powder 
show toughness, resiliency, abrasive-resistance and energy-absorbing 
capacity. 

Another material used in high-grade rubbers is colloidal clay 
prepared from China clay by a special process giving a very fine 
precipitate. 

The more recent trend in rubber manufacture is to employ the 
extremely finely-divided gas black, which acts as a reinforcing agent, 
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in increasing proportions, so that at present it is used for the treads 
of automobile and aircraft tyres in pt^rcentagcs up to 50 of the rubber 
weight with improved toughness and resistance to tearing. 

Conducting Rubber. By thf^ use of a carbon black powder filler 
which is free from the non-conducting layer found on natural gas 
black, it has been possible to make rubber electrically conductive so 
that when used for the tyres of aircraft wheels it enables the static 
charge on the aircraft to be discharged to earth immediately the 
w'heols touch the ground wlien landing. This rubber is also employed 
for the de-icing leading edg<*s of aircraft wings, and in this application 
is earthed to the main metal frame system. The use of such rubber 
enables trailing wires and chains hitlierto employed for discharging 
the electric charge on motor vehicles and aircraft to be dispensed 
with. 

Incidentally, the electrical conductivity of this conducting rubber 
is about ten million times that of pure rubber. In the case of aircraft 
wheels, it is the ]mictic‘<' to s])ray the inside of the w'heel rim with 
aluminium in order to obtain good elecirical contact with the metal 
of the rim. 

Use of Reclaimed Rubber. A good deal of waste rubber, such as 
that obtained from old motor tyres, is used in rubber manufacture. 
As most goods, for e.\am[)le rubber t\Tes, are black, the bulk of the 
reclaimed rubbtT is also of this colour, .so that black goods containing 
reclaimed rubber are more in evidence on tliis account. The propor- 
tion of reclaimed niblier usually advocated in the l>etter grades of 
rubbtT is from 5 to 10 j>er cent . 

Softener^. These an^ now almost universally used, as otherwise it 
is not possible to distribute the gas black uniformly in the rubber. 
The incorporation of oils and soft plastic substances with rubber 
must to some extent detract from the physical properties of the 
vulcanized product, but the benefit derived from the use of gas black 
and other finely divided materials much more than compensates for 
the 5 per cent <^r so of softener used to introduce it. A large number of 
oils or w^a.xes are used for softeners. One of the most favoured is palm 
oil. Mineral oils are sometimes used; also bitumens and petroleum 
distillation residues. Finally, there is a large number of miscellaneous 
substances which may be incorporated with rubber, the commonest 
of which is ground rubber waste, so-called rubber substitutes (vul- 
canized oils), glue, etc. With the newer methods of vulcanizing, in 
which the temperature is kept low, a vast number of organic sub- 
stances becomes available which cannot be used at the ordinary 
vulcanizing temperatiues-— K)ne may instance ground wood (wood 
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flour), wood pulp, ground cork, leather waste and waste fibre of all 
descriptions. 

Vulcanization, Most of the commercial rubbers are produced by 
the process of vulcanization, which consists in mixing sulphur with 
the rubber and heating the mixture to a temperature above the melting 
point of sulphur. 

The sulphur combines with the rubber, the resulting compound 
being stronger, more elastic, and less affected by temperature changes 
than the pure rubber itself. 

The temperature of vulcanization is about 12(f^C. to 150' t'., but 
it varies somewhat with the proportion of sulphur and the grade of 
rubber. 

About 6 {>er cent of sulphur, by weight, is employe*d in the vulcaniza- 
tion of the majority of articles used for mechanical purposes. For 
rubber shoes, coats and other black rubber goods, about 3 j)er cent 
of sulphur is used; whilst in the case of press-cured articles, such as 
rubber belts, about S ])er cent is embodied. Vulcanite and ebonite 
contain larger quantities of sulphur, and require higher temp(*ratures 
(above 140° C. to 150° C.). 

V^ulciinized rubbers are cleaner, stronger, more stable and more 
elastic than crude or pure rubber. 

The vulcanization procTss is employed commercially for the repairs 
of cuts in treads of t^Tes, for ])atching or repairing inner tulx^s, fixing 
new treads to worn tyres and general repairs, and building up with 
rubber various proprietary^ articles made from rubl)er. The grade of 
rubber employed must he sufficiently strong and elastic ; pure Para 
rubber is generally used for this purpose. 

V^arious grades of rubber are producxxl by the v ulcanization proce.ss, 
the softer grades containing smaller amounts of sulphur and requiring 
lower temperatures, whilst the harder gradeji contain greater amounts 
of sulphur and necessitate higher temperatun»s. 

Soft-grade rubber is used for soft packings, tubing and erasers. 

Medium-grade rublier is used for a variety of commercial jjurjwses, 
including rubb(?r sheeting, canvas-ply tubing, hose piping, automobile 
and aeroplane tyres, balloon fabrics, shock-absorbers, surgicial and 
other goods. 

Semi-hard rubber is a hard rubber intermediate l)etween medium- 
grade rubber and vulcanite ; it contains more sulphur than the former 
grade, and is harder but not so elastic ; it is used for rubt>er wearing 
surfaces, brake-blocks, buffers, etc. 

Hard rubber compounds, such as vulcanite (red) and ebonite (black), 
contain higher proportions of sulphur aad require higher vulcanization 



RUBBER AND ITS COMPOUNDS 429 

temjieratures ; these materials are noted for* their high insulation 
properties and are much employed in electrical work. 

Vulcanized Rubber Articles 

The usual metluxl of vulcanizing rubber for the manufacture of 
articles used by engineers consists in heating it in moulds. These 
are made of metal, generally of steel, although sometimes aluminium 
and other alloys are used ; cop]Xjr alloys are, however, always avoided, 
as copper has a deleterious effect on rubber. The moulds are made in 
two or more parts and may be of complicated construction for an 
article of complex shaiie, A piece of the unvulcanized rubber mix, 
or dough, is placed in the mould which is then closed by the application 
of pressure either in a suitably designed press or by means of bolts. 
The moulds are then placed in a steam pan and heated for the correct 
time and temperature. Alternatively the moulds, which in this cRse 
must be provided with smooth ])arallel outer surfaces, are heated by 
being placed l)etween the hollow platens of a press. These vulcanizing 
presses jierform the double purpo.se of applying the pressure necessary 
to close the moulds and then the heat to vulcanize the rubber by 
passiitg steam into the hollow platens. The amount of rubber dougii 
put into the moulds must t)e ascertained and kept constant by weigh- 
ing, as if too little dough is put in the article vill be defective and if 
too much there will be waste which cannot be used again unless it is 
reclaimed. 

The cost of the mould is an important item in the final cost of 
rubber articles if only a small numlxT is required. Rubber can be 
vulcanizwl without moulds, but it is not possible to obtain a hard 
dense product with a well-defined sha])e without a mould.* 

Motor Tyre^. The inner tube of a motor tyvQ is usually made by 
winding a sheet of rubber dough round an aluminium mandrel and 
then wTapping this tightly with a strip of calico wound spirally over 
the rubber so as to confine it (hiring vulcanizing. The latter operation 
is carried out with steam under pressure. This method is also used 
for making rubber hose. 

Ebonite 

Ebonite, as previously explained, is produced as a harder rubber 
cx)mpound containing higher proportions of sulphur and requiring 
higher vulcanizing tem|)eratiues. 

Mechanically, ebonite is brittle, but it can be w'orked, turned and 

* Fuller particulars are given in Rubber and P^ngimering, The Rubber 
Growers* Association, London. 
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polished; for turning, a high speed and sharp-edged cutting tools of 
high-speed tool steel or tungsten-carbide tipped are required. The 
tensile strength is about 1000 lb. per sq. in., and the compressive 
strength from 1800 to 2400 lb. per sq. in. 

The specific gravity varies from 1*20 to 1*25. 

Ebonite is insoluble in water, but is attacked by oils, ix^troleum 
spirits and ozone. 

The resistivity of ebonite is of the order of 10^* to 10*® ohins- 
centimetres at ordinary temperatures, but it is readily reduced by the 
presence of dirt or moisture on the surface. The dielectric constant 
is from 1-9 to 3*5. In small thicknesses of 20 mils, the dielectric strength 
ranges from 1700 to 3750 volts per mil, tested between 2 in. spheres, 
and 1000 to 2000 volts per mil when flat electrodes are used. 

The principal properties of the electrical grades of ebonite arc 
given in Table 119. 


TABLE 119 
Properties of Ebonite 


Tests 

“Trelleborg” 
Ebonite 
N.P.L. Tests 

P.O. 

Quality 

‘ir’ 

Medium 

Ebonite 

Poor 

Ebonite 

Electric strength 

120,000 V. pc»r 

40,000 V. 

30,000 V. 

20,000 V. 


inrn. 

p«»r inin. 

per nun. 

per mm. 

Specifie gravity . j 

lum 1 

1-210 

1-280 

1-400 

Resistivity . i 

i 

Infinity j Virtually 

1 Infinity 

1 Low 

j 1 

Very low 

Power factor . j 

0005 

0000 

! 0-000 

0-010 

Surface leakage . j 

Xone 

None 

Prac-tieally 
leak free 

Leakiiig 

Ash content . j 

1 

1-57% 

300% 

•» /O 

5% and »ip 


Properties of Robber 

Crude rubber is tough, pliable, solid, insoluble in water and a 
bad conductor of electricity; it possesses marked elastic properties 
which enable it to be extended or compressed through a distance 
equal to many times its original length, without permanent set. It is 
influenced by small temperature changes, and when heated it becomes 
soft and “tacky” ; it loses most of its elasticity when placed in boiling 
water, but hardens and becomes elastic again upon cooling. 

It melts at about 120° C. into a viscous fluid, which dexjs not 
harden again. At low temperatures, most rubbers (crude, pure or 
commercial) lose their elastic properties and become harder ; at liquid 
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air temperatures rubber becomes very hard and brittle and may be 
powdered by impact. 

Crude rubber is insoluble in water and alcohol, and is only slightly 
affected by dilute acids, but dilute alkaline solutions exert a depoly- 
merizing action upon rubl^er, rendering it soft, or even tacky. It is 
soluble in turpentine, |)etroleum spirits such as petrol, benzol, toluol, 
carbon disulphide, carbon tetrachloride and certain other liquids; 
solutions of crude rubber, or other grades, in some of these liquids, are 
used as rubber ccunents for pneumatic t\Te repair purposes. 

( Vude rubber is subject to oxidation, which renders it soft and then 
hard and brittle ; vulcanized rubber also behaves in a similar manner, 
but to a less marked extent, and ultra-violet rays of sunlight have a 
definite deteriorating effect upon rubber. 

Perishing may also be due to the filling constituents of the rubber 
its(df. RublxT goods should stored in cool, dark places and well 
dusted with French chalk in ord(‘r to obviate the detrimental action 
of grease, oils or fats that may be on the sui faees. 

Physical Properties 

The electrical resistivity of rubber is of the order of 10^^ to 10*® ohms- 
centimetres, according to tlie quality, but increasing with the content 
of pure rublxT. 

The temperature coefficient is negative and unusually large, varying 
from 2 to 4 |>er cent, ]X‘r degree C. 

The dielectric conMaiU of pure vulcanized rubber is from 2 to 3, 
and for coniiK)unds of rubber from 3 to 4. 

The dielectric stremjth of rubber varies from 3(X) to 500 volts per 
mil, and after long jx^riods of electrification it diminishes appreciably. 

The specific (jravity of pure rubbc'r varies from 0-93 to 0*97, and 
for rubber com|X)unds from 1*7 to 2 0. 

Mechanical Properties 

The mechanical properties of rubber depend upon the actual 
grade, that is to say, upon the relative proportions of the rubber, 
fillers, accelerators and other ingredients. 

Table 120 gives the tensile strengths, ultimate elongations, and per- 
manent sets of six different grades of rubber, tested by the American 
Bureau of Standards.* 

The best griules of vulcanized gas black rubber, used for their 
^trength and elastic properties, have a tensile strength of about 

* “Tho Testing of Mechanical Rubber Goods.'’ Circular No. 38, U.S. Bureau 
of Standards. 
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40001b. per sq. in., with an* ultimate stretch of 600 per cent, that is 
to say, of six times their original length. 

The stress-strain curve of rubber is not a straight line, as the 
material does not obey Hooke’s Law, so that there is no true elastic 
modulus. 


TABLE 120 

The Strength Properties of Rubber 


Grade 

Tensile Strength, 
Pounds per sq. in. 

Ultimate Elongation, 
per cent 

Set,* 
per cent 

No. 

Longitu- 

Trans- 

1 Longitu- 

j Trans- 

! Longitu- 

1 Trans- 


dinal 

verse 

dinal 

! verse 

I 

1 dinal 

verse 

1 

2730 

2575 

63U 

640 

11-2 

7-3 

2 

2070 

2030 

840 

670 

6*0 

50 

3 

1200 

1260 

480 

555 

22- 1 

16-3 

4 

1850 

1700 

410 

460 

340 

240 

5 

690 

510 

320 

280 

27-5 

25*0 

6 

880 

690 

315 

315 

34-3 

25*9 


For ordinary engineering purposes it is usual to take the mean 
slope of the stress-strain curve for a limited extension of about 200 
to 300 per cent, and to estimate the elastic modulus from this mean 
slope value. The value for the modulus, obtained in this manner, 
varies from 300 to 400 lb. per sq. in. for high-grade rubbers. 

The elastic modulus in compression and shear are also very low, 
so that rubber may be deformed to an appreciable extent by relatively 
small forces in all three possible methods of loading. Despite its low 
compression modulus it is an almost incompressible maU'rial in the 
same sease as water, since, if enclosed completely, it does not yield to 
compressive forces. When unenclosed, however, it exhibits consider- 
able changes of shape or deformation at constant volume ; thus, when 
stretched progressively, its cross-sectional area diminishes continually. 

Rubber has to a considerable extent the characteristics of a liquid 
for which Poisson's ratio would be 0*5, for small deformations. For 
large deformations, however, there is a marked departure from this 
value, a fact which indicates that the material departs more and more 
from the liquid conditions. 

When vulcanized rubber is subjected to a constant load of the usual 
values employed in engineering applications it undergoes a cmtirmons 

* After 300 per cent elongation for 1 minute, with 1 minute rest. The set and 
the tensile strength were determined upon different samples. 
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defornmiion, which is at first rapid and then gradually decreases with 
time. The shape of the stress-strain carve will therefore depend upon the 
rate at which the load is applied and the jKjriod of time during which 
the rubber is held at any given load. Thus, a rapid load application 
and an early release will produce a minimum deformation, whilst 



slow application of the loa<l and long duration will cause larger 
deformations. 

Fig. 174 shows the results of tests u[K>n india-rublxT obtained by 
Dr. Winkler, and indicates the lag Ixdween the stress and the strain, 
due to the time-interval effect. 

In this connection it may be interesting to mention the resulta 
of some compression testa* upon a block of india-rubber, in which the 
diminution of height, or the compression strain, wjis noted after certain 
time intervals. 

A compression strain of about 8 per cent at the time of loading 
gradually increased to about 9 per cent after the load had been on 

• “The Moasuromeiit of Stri^sses in Materials and Stnu'turt>s,“ K. G. Coker, 
Cantor Ix^ctiires, Itoy, Soc, of Arts, 1914, 
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for 4 hours, and then very slowly increased to about 9-3 per cent at 
the end of 26 horn's. When the load was removed, the rubber recovered 
its original height within 1 per cent, followed by a slow recovery 
which, at the end of another 14 hours, brought the block within about 
0*33 per cent of its original height. 

Reverting again to the results shown in Fig. 174, it will also be 
noticed that, for the same stress value, the compression strains are 
smaller than the tension ones, the stress-strain curve in each case 
being a curved line and not a straight one. 

If the elastic modulus be calculated from the ratio of the stress 
to the strain, the results obtained are found to be variable, due to the 
fact that the stress given is reckoned upon the original area, and not 
the actual corresponding area. 

The values of the modulus, reckoned on the actual area, and the 
elongation per unit of stretched length, are more uniform, and the 
mean values for compression and tension, in the above-mentioned 
tests, are 195 and 162 lb. per sq. in. res[)ectively. The maximum 
values for the ranges of stress taken are 222 and 373 lb. per sq. in. 
respectively. 

Hysteresis Effect of Rubber 

The most advantageous j)roperty of rubber, from the point of view 
of its use for springing and shock-absorbing members, is its relatively 
high hysteresis factor, the area of the hysteresis ltM>p, which represents 
the amount of energy capable of lx;ing stored up in the material, bedng 
large. 

The amount of energy absorbed by rubl)er is far greater than in 
the case of other common materials, owing to its greatcT stretch. Thus, 
good india-rubber can absorb from 5(K) to 10()9ft.-lb. of energy jKjr 
pound weight, whereas spring steel is only capable of absorbing from 
10 to 20 ft.-lb. per pound weight. 

The work lost in hysteresis in low-grade nibber may 1.h? as much 
as 70 per cent of the work done upon the first extension. For higher 
grades of rubber, the hysteresis loss varies from 35 to 40 f>er cent. 

Low-grade rubbers are not, however, suitable for shock absorliers, 
owing to their lower ultimate stretch, rapid deterioration proptTties, 
and relative weakness under repetitions of loading. 

Tensile tests made upon rings of india-rubber, as used for shock 
absorbers, in general give a lower tensile strength than similar tests 
upon straight strips of the same material due to bending action, there 
being a difference in the stress between the inner and outer layers, 
and a change in the cross-section. 
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The rate of loading has only a secondary effect, provided that it is 
not too slow. 

Temperature changes affect the results appreciably: an increase 
from 50® F. to 90® F. causes an average diminution in the tensile 
strength of about 10 per cent, with a 10 per cent increase in the 
elongation, and 30 per cent decrease in j>ermanent set. 

Machining ol Rubber 

In many grades of rubber there is a certain amount of gritty 
material, which tends to take the edge off’ cutting tools ; for this reason 
it is necessary to use high-s|K‘ed tool steels and to harden the tools to 
a fairly high temY)er. 

The most suitable tool for the medium or medium-hard composi- 
tions of rubbcT is that watli a diamond point, a little round on the 
point and given a sharp rak(‘. 

The speed of machining dejKuuls upon the hardness of the rubber, 
being slower the harder the material. 

Medium-soft and soft rublx^r cannot be machined satisfactorily, 
and are therefore ground in a lathe, using an overhead drum fur 
driving the w'hecd, and fixing the arbor of the wheel to the tool rest. 

Alternatively, a small electric motor-driven grinder can be used 
and is probably more convenient. 

Synthetic Rubbers 

In recent years considerable jirogress has been made in the develop- 
ment of substitutes for natural rubber derived by chemical processes. 

Although in prac'tieally all instances these ‘'synthetic*^ rubbers 
are more costly to prcKluce, the present commercial ones possess cer- 
tain unique projx'rtics giving them a<l vantages over natural rubbers. 
Thus, they ar(‘ much more resistant to the deteriorating eflFects of 
sunlight, oxygen, heat, oil and ]K*trol, whilst possessing most of the 
desirable charaeteristii*s of the natural rublx»rs. 

Among the proprietary synthetic rubbers in present use are Neo- 
prene, Ameripol, Buna, Chomigum, Thiokol, Koroseal, and a chlorinated 
rubbtr known as Alloprene, us<*d as a substitute for cork and kapok. 

Ameripol, This artificial rubber, made by the B. F. Goodrich Co., 
has jiroved siqxTior to natural rublK'r for aeronautical and automobile 
purposes, notably for petrol and oil hose pifx' and sparking-plug high- 
tf‘nsion cables ; in the latter connection it is able to withstand much 
higher operating temperatures inside engine cowlings and is almost 
impervious to the effects of oil and grease. 

It has the same abrasive resistance and tensile stnuigth as ordinary 
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rubber. The elongation, permanent set and hardness are also practi- 
cally the same, although the natural rubber is definitely superior in its 
range of elasticity and in its low temperature resistance and tearing 
properties. It is, however, definitely superior in its resistance to ageing, 
oxidation, and heat. It is strongly resistant to the action of oil, 
grease, and petroleum solyents. 

Neoprene is a product of the American du Pont CJompany and is 
made by pol 3 nnerizing the chemical compound known as Chloropene, 
thus converting it into a tough rubber-like material possessing some 
interesting properties to which reference is made later. The original 
chemical employed in the process of manufacturing Neoprene is cal-, 
cium carbide which is converted into acetylene gas (C^Hj), which in 
turn is polymerized in the presence of a catalyst to form a material 
called mono-vinyl-acetylene; when the latter is treated with muria- 
tic acid, chloropene is produced, which is immediately polymerized 
into Neoprene. 

Neoprene can be treated, in manufacturing processes, in a similar 
manner to natural rubber, and the same technique and plant can be 
employed in producing various types of Neoprene rubber articles. 
Thus, by the incorporation of different fillers or reinforcing materials 
Neoprene compounds of varying physical properties can be obtained. 
Moreover, the finished articles of this basic material are produced by 
the process of vulcanization in the same way as natural rubber ones. 

Unlike the latter material, sulphur is not essential to the proper 
vulcanization of Neoprene, although some products of this material 
are compounded with sulphur in order to bring out special charac- 
teristics. 

The specific gravity of Neoprene is 1-25, but when compounded 
with reinforcing materials this figure is increased to 1-4 to 3*0. 

Its tensile strength is similar to that of natural rubber as used 
commercially, i.e. with suitable fillers, etc., and it may be obtained 
with a tensile strength up to 4000 lb. per sq. in. It has similar elastic 
properties to ordinary rubber and its compounds can be made to show 
an elongation at fracture of ten times the initial length. 

In regard to its physical qualities, Neoprene is inferior to natural 
rubber in power factor and resistivity. When uncompounded it shows 
about 28 per cent higher thermal conductivity than natural rubber 
in a similar condition ; when compounded it may be to some extent 
considered as a heat insulator. At temperatures up to about 160"* C., 
Neoprene rubbers have a much greater resistivity to heat than natural 
rubbers ; the latter become soft and lose their strength, whilst Neoprene 
become harder and tougher. 
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Neoprene offers a far higher resistance to the deteriorating effect of 
petroleum hydrocarbons, such as petrol, paraffin and lubricating oils, 
than natural rubber ; it is also very resistant to animal and vegetable 
fats and oils. 

This material does not crack or perish when exposed to direct 
sunlight as in the case of ordinary rubber ; moreover, it is less perme* 
able to gases than the latter. 

Neoprene rubber will not oxidize or age as rapidly as natural rub- 
ber, and ozone does not attack it as rapidly as the latter material 
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Fig. 175. Comparison of Ageing Properties of Artificial 
AND Ordinary Kubrers 

In this connection the results of some ageing tests made with Neoprene 
and ordinary rubber treads of t\Tes in the presence of oxygen* are 
illustrated in Fig. 175, from which it will be observed that after twelve 
days’ exposure the tensile strength of the Neoprene tread had fallen 
from about 3300 to 2300 lb, per sq, in., i.e. was reduced by 30-3 per 
cent, whereas that of the ordinary rubber tread had fallen from about 
3600 to 600 lb. })er sq, in., i.e. by about 83-5 per cent. After eighteen 
days the strength of the Neoprene tread had been reduced by 39*4 
f)er cent, w'hereas the natural rubber tread had perished. 

In connection with the resistance of Neoprene to hot mineral oil 
(100° C.), after twenty-one days in this oil the tensile strength fell by 
only 8*6 per cent with volume increase of 20 to 25 per cent, whereas 
ordinary rubber showed a falling off in tensile strength of about 73 
per cent and volume increase of 300 per cent. 

* “Synthetic Rubber/’ A. E. Williams, The Engineer, 13th September 
1940. 
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Neoprene has been shown to have a much greater resistance to 
the effects of acids and alkalis than ordinary rubber. 

Buna is a S3mthetic rubber produced originally by the I. G. Far- 
benindustrie in Germany, from the raw materials butadiene and 
sodium, as a substitute for natural rubber. "'Buna N"' is an inter- 
polymer of butadiene and acrylic nitrile. Early in 1940 the Standard 
Oil Company of America acquired manufacturing rights for Buna. 

In addition to its advantages in regard to resistance to oils, petrol, 
paraffin, sunlight and temperature increase, Buna can also be made 
into a hard brittle material of the ebonite class by vulcanizing with 
sulphur. 

Chemig^um, The development of synthetic rubber by the Goodyear 
Company over a period of fifteen years has resulted in the commercial 
production of several types of synthetics known as Chemigum, from 
which a wide range of aircraft accessories are now being made. This 
synthetic rubber can be compoimded so as to give it a number of 
desirable properties for aircraft construction purposes. It can also be 
made very resistant to oil and petrol, to wear and abrasion ; also to 
fire. It is superior to natural rubber in resisting oxidation and it 
retains its flexibility at temperatures as low as 40 degrees below 
zero (F.). 

Chemigum is used for bullet-proof, puncture-sealing petrol and oil 
tanks and hose pipes, flexible connections for fuel lines, gaskets, brake 
seals, hydraulic control hose, pump cup packing, throw sheets for 
forming presses, and numerous other purposes. 

Thiokoly a product of the American Thiokol Corporation, is a 
synthetic rubber made by condensing chlorinated ethylenes with sodium 
polysulphide. It is synthesized for commercial purposes from sulphur, 
salt and natural gas. The final prpduct is oil-proof and unaffected by 
benzol, petrol or paraffin. It resists sunlight satisfactorily and will 
withstand heat and cold much better than ordinary rubters ; thus at 
0° C. Thiokol paint spray hose show’s no signs of cracking. It is prob- 
ably the best of present-day synthetic rubbers in regard to resistance 
to aromatic solvents. Thiokol is employed largely for rubber hose as 
it does not swell in use. It has strong dielectric properties. Moreover, 
it is available in the form of moulding powders which enable oil- and 
petrol-proof parts to be made as reaffily and economically as plastic 
mouldings. 

Du Prene is another synthetic rubber derived by chlorinating buta- 
diene, which possesses somewhat similar properties to those previously 
described. It is used in the electrical industries for prote(;tivo insulating 
jackets for high-tension wire and portable cables, e.g. the high-tension 
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cables for Neon signs where ozone effects would quickly perish ordinary 
rubber. It is also suitable for making rubber parts of domestic elec- 
trical apparatus, gaskets, washers, packing, pump pistons and cups in 
oil pumps, binders for transmission belts and covers for greasy and 
oily conditions. 

Applications of Synthetic Rubbers 

From the special properties of these rubbers, previously referred 
to, it is evident that they are particularly suited to applications w^here 
flexible rubber parts have to resist, satisfactorily, the action of oil, 
grease, petrol, temperature and oxidizing agents. 

Synthetic rubber is especially suited to insulation covering of 
high-tension cables, since it does not crack or otherwise perish and will 
withstand the engine bonnet temperatures. 

In aircraft applications these rubbers are used for lubricating oil 
hose, pressure gretise systems, brake drum bellows, engine mountings, 
gaskets, retractable undercarriage washers, ignition cables, radiator 
hose and, in general, for flexible and electrical insulated conductors 
liable to contact with oil, grease and also subject to heating conditions. 

S3mthetic rubber is also used as a protective covering for seaplane 
floats, nuts, Iwlts and proi)ellers as it can readily be bonded to metal. 
It is employed in the pnxluction of expanded rubber for seating and 
fl(K)ring on account of its fire resistance. It is more satisfactory than 
ordinary rubl)er, in view of its better permeability, for gas containers 
such as balloons and collapsible floats and aircraft dinghies. 

Synthetic rubbers such as Neoprene, Buna and Thiokol have to a 
large extent replaced ordinary rubber for the insulation of high-tension 
cables on aircraft engines, since they will w ithstand the action of oil 
and fKJtrol and cjan be used for temperatures up to 150° C. without 
protective coatings. 

In aircraft strips of synthetic rubber are used for sealing the 
riveted seams of hulls and floats on account of its excellent resistance 
to sunlight and other corroding conditions. Neoprene has been used 
for a moulded magneto gear in Pratt and Whitney engines. 

Fig. 176*^ illustrates some of the more important artificial rubber 
applications in modem aircraft. In addition to the uses already men- 
tioned, this material is employed for bullet-proof petrol and oil tanks, 
the leading edges of the wings, tail-plane and vertical fins (for de-icing 
purposes), tyres, flexible connections for fuel lines, engine liquid 
coolant hose, hydraulic control hose, brake seals, boots and cups, etc. 

Although Neoprene is not such a good electrical insulator as natural 
♦ Courtesy Aero Digest. 
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rubber, it is becoming widely used as a protective outer casing for 
the latter in electrical cables, more particularly those exposed to 
sunlight and corrosive atmospheres. 

Automobile Applications of Rubber 

Natural and synthetic derived rubbers are now fairly widely em- 
ployed on automobiles for parts requiring vibration insulation; for 



Fig. 176. Illustrating Applications of Synthetic Rubbers 
TO Aircraft Piirposes 


oil, grease and water connections and the covers of working parts — 
to retain the lubricants ; for bearings having a limited rocking move- 
ment, such as those of spring shackle pins, for shopk absorbers and 
spring limit stops, petrol pipe hose, oil seals for hydraulic brake pistons, 
propeller shaft universal couplings (of which the Laynib is a typical 
instance), neck hoses for petrol tank filler, petrol pump flexible dia- 
phragms, grease covers for exposed joints, mats, gaskets, pedal covers, 
door silencers, beading, etc. 

It has been estimated that, excluding tyres and tubes, the modern 
ear has between two hundred and three hundred individual moulded 
rubber parts, and that the weight of rubber thus used varies from 
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30 to 50 lb. per oar according to its size. Nearly 80 per cent of the 
rubber produced in the United States, prior to 1940, was incorporated 
into motor cars, commercial vehicles, passenger vehicles and tractors. 

In regard to the mechanical properties of the rubbers used in auto- 
mobile and aircraft construction the following particulars are furnished 
by the Firestone Tire and Rubber Company — 


TABLE 121 

Properties of Automobile Rubbers 


Characteristics 


High Quality 
Motor Support 
Stocks 


Typical Hurnper 
Stock 


Durometer hardness (Shore typo A) 
Tensile strength, lb. per .sq. in. 
Modulus at 400%, lb. per sq. in. 
Elongation at break — 

•Compression .set (ASTM) 


30 GO 
2500 3500 
225-1800 
G00O,V-800% 
10 % 20 % 


50d)0 
1500-2500 
1000 1200 
500»,V GO0% 
20%-30% 


Engine Mountbigs, Originally introduced by The Chrysler Corix)ra- 
tion, the method of insulating the engine from the chassis frame — 
instead of employing it as a cross-bracing member and allowing the 
engine vibrations to be communicutted to the frame and IkkIn work — 
by means of nibber mountings, has sincc^ lK*en adopted universally. 

large number of diff(?rent types of engine mountings has l>een used 
for this purpose, but the principle usually adopted is that of a three- 
point mounting with one rubber mounting at the front and two at the 
rear, with the holding-down bolts rubl)er-insulated from the engine 
and/or the frame. 

Some typical examples of automobile engine mountings of the 
rubber-insulated pattern are shown in Fig. 178.t 

Fig. 179 illustrates the Vauxhall car engine mounting which em- 
ploys “Z ’’-shaped rubber blocks. Normally, the block assumes the 
shape shown at A, but under inclined side loads takes up the form 
shown at B such that the internal slot closes up so as to give incTeasing 
resistance as the side load is increased. 

Pig. 180 illustrates a four-point mounting to the chassis frame in 
which individual vertical movements and a limited amount of side 
movement are provided for. 

• Compression set — AHTM D-395-36T <;onHtant load method. Sample--- 
1 aq. in. (circular) } in. thick. Load 400 lb. per sq. in. 

f Rubber and Automobiles,** Colin Macbeth, Hubber Growers' Assoc. Inc. 




Engine m Silhouette 

showii^ Front Mounting. 


Fio. 179. Vauxhall Enotnk Mountikos 


*5— (T.5303) 11 
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Springing Systems. Rubber is employed for various parts of the 
springing system, such as the spring ends, shackle pins and spring 
movement limit stops ; in the latter case, when excessive spring move- 
ments occur under severe loading conditions, the rubber blocks inter- 
posed between the springs and chassis frame come into action and 
take up the final impact loads. 

The type of shackle pin mounting shown in Fig. 184 employs the 
iSilentbloc stressed rubber bearings. This consists of three comjKinents, 



Fig. 180. Fnrn-PoiNT Kngink Mov ntinc 

Front mountiiiff. iUelotr) Om* of tin* rear inoiiiitiiiKs. 


namely, (1) rubber cylinder, (2) an internal metal bush and (3) an 
external metal bush. When assembled the rubber unit is stretched 
longitudinally in such a way that it is made to shroud the bush and 
enter the sleeve tightly, thus preventing longitudinal movement be- 
tween the bush and sleeve. The tendency of the cylinder to contract 
longitudinally, being opposed by friction, is translated into a nulial 
pressure ensuring that, unless a very great torsion is applied, there 
can be no slip between the rubber and other parts of the bearing. A 
certain amount of angular movement can occur, however, between 
the bush and its sleeve owing to the elasticity of the rublier. The 
amount of this movement depends upon the thickness of the rubber, 
the usual maximum allowance being 45^ on either side of the neutral 
position. 

If the angular movement allowed be exceeded slip will take place 
between the rubber and the sleeves with the result that the Silentbloe 
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will function nioinentarily as an ordinary bearing. It takes up a new 
position, how'ever, and again functions through a givc^n angle on either 
side of this new position. 



Ki(j. 181, Onk of thk .Acstin Front Knoink .Moj ntinos 



Kk;. 182 . lUiUSTRATINfi THK PK1N<T1»LK OF THE SiLKNTBLOC 
Hkakino 


It will be not/cd that lateral or end movement is practically im- 
possible, although by careful design a limit«^i amount of end movement 
can be obtained if it is desired. 
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An important point concerning this type of bearing is that the 
rubber gives an air4ight and liquid-tight joint, and will thus protect the 
bearing. Further, owing to its* resilient qualities it absorbs external 



Free State Drawn State 



Fig. 183. Showing the Condition of the Ritbhkr 
Material in the Silentbloc System 



Fig. 184. Application of Silentbloc BKAUtNG.s Motor-car 
Spring Shackles 

vibrations. These liearings are produced in a variety of sizes suitable 
for loads ranging from 10 lb. up to 2 tons. If the angular movements 
are smaller than the standard allowance greater loads can be supported. 

Applications of Silentbloc bearings include many com|K>nentH in 
automobiles. These are divided into two categories, namely — 

(1) Those for radial loads, e.g. spring shackles, radiator support 
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trunnion bearings, shock absorber bearings, motor-cycle spring fork 
bearings, rocker arms of magneto contact-breaker, engine supports, 
steering and brake rod bearings, dipping headlights, etc. 

(2) Those for end ihruats, i.e. loads applied along the axis of the bear- 
ings, combined in most cases with a rocking movement. 

Other applications include the adaptation of these bearings for 
hinges and latches for motor-car doors, brush holders for dynamos and 



Fio. 185. Rubbkr BrsHKS 
FOR Spring Shackles 


Fig. 186 . Rubber Block Method 
OF Anchoring Spring End 


motors (iiermitting angular movement for replacing the brushes), and 
generally, in engineering work, for most rocking shaft bearings. 

The bearings are usually fitted so that the outer sleeve is a force 
fit in its housing. The intenial tube is held by bolting it up tightly 
on the end faces of the tube. 

A type of spring blade end mounting using a moulded rubber block 
is shown in Fig. 186. This mounting not only provides a noiseless 
anchoring, but obviates the wear that normally occiurs in shackle 
pins. 

The main springing system of motor-cars has in one or two instances 
utilized rubber units. A typical example is that of the Firestone 
rubber-air suspension system showm in Fig. 187. It consists of an 
inflated rubber spring having rubberized fabric bellowB filled with air 
at a pressure corresponding to the load to be carried. The bellows 
operate automatically in conjunction with an air reservoir by means 
of a pendulum shock-absorter valve; the reservoir and bellows are 
controlled by means of metal tubes. The device weighs about 2 lb. 
per wheel as compared writh 16 to 20 lb. for steel springs; it has the 
merits of simplicity and quietness, but the bellows take up more 
space than the conventional springs. 
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Another rubber springing system, due to Colin Macbeth, employs 
targe rubber discs of 6 to 9 in. diameter and 5 to 7 in. in overall width, 
which are arranged to take the car load and road shocks by torsional 



Fio. 187. Kubbkr-air Sprikoino System you .Automobiles 


resistance of the rubber in a .similar manner to that of the steel torsion 
bar-springing method employed on Citroen and other cars. 

Rubber interleaving of laminated steel springs is also employed on 
automobiles, the advantages claimed being (1) adequate friction 



Fro. 188. ILLCSTRATINO USES OF HuliBKK IN' AUTOMOBILE 
Laminated Springs 

Th»‘ riibbi*r «hnwii by the heavy bluek diaKonai dhadirm. 


damping action which is indejiendent of metal to metal friction, (2) 
elimination of the necessity of lubrication, (3) avoidance of blade 
squeaking, and (4) permanent and uniform springing action. 

Usually tapered and flanged rubber interleaves of the same length 
as the steel leaves are added during assembly in a similar manner to 
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zinc interleaves. The squeaks that occur with laminated springs 
between the dry surfaces of the spring clips and the edges of the 
blades are overcome in some instances by the use of rubber insertions 
which prevent metallic contact (Fig. 188). 

Universal couplings of propeller shafts between the gear-box and 
back axle are sometimes made with flexible rubber block members, a 
typi(jal instance being the Layrub universal joint shown in Fig. 189. 
It consists of a flange coupling on the rear end of the gear-box driven 
shaft having two arms at with holes, through which bolts B 
pass through th(^ rubber blocks A . The two coupling flanges of the joint 
are at right angles and bolts connect the flanged parts to the rubber 
block. The inclination of the ]>rope*ller shaft is taken up by the yield 



Fi(}. 180. The Layrub 1'hivefisal Couplivg for 
.Ai'tomobile Propeller Shaft 


or distortion of the rubber blocks : the latter have embedded fabric 
on the insides of the holes and on their [)eripheries. This type of 
coupling not only runs silently, but it needs no lubrication or main- 
tenance attention, since there are no wearing parts ; further, it affords 
a flexible drive which insulates the gear-box from the back axle in 
regard to shocks and vibrations. 

It is not possible to enumerate all of the various applications of 
rubber to automobiles, but a few further ty})ical examples* are given 
in Fig. HK). In this illustration denotes a clutch plate of the single 
dry-plate tyi>e with a flexible rubber centre to take up torsional 
shocks and vibrations. The engine crankshaft torsional vibration 
damper shown at (B) consists of a flanged steel member A w^hich is 
lK)lted to the front end of the crankshaft. Ketween this member and 
the steel pulley D (for driving the radiator fan) rubber discs, C, are 
inserted, the latter being bolted at six intervals, by means of the bolts 
B to memlx^r A. A steel plate is employed between the underneath 
portions of the bolt heads and the left-hand rubber disc to distribute 
the pressure evenly. 

* From “Rubber and Automobiles.” Colin Macbeth, Htibber Growers" Assoc. 
Inc, . , 
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At (C) is shown a flexible radiator mounting in which rubber cylin- 
ders insulate the radiator from the chassis frame side members. 

(D) shows a Ijockheed hydraulic brake wheel cylinder member 
with a pair of rubber packing type pistons — between which the oil 
pressure for actuating the brakes is applied — ^and two dust retaining 
covers moulded in rubber ; the right-hand cover and the two piston 
packings are shown in black. 

A typical cover for retaining the grease and excluding water and 
dirt from the interior, in the ease of a ball-joint in the connecting 
rod of an automobile steering system, is shown at (E). 

The steering wheel at (F) employs a circular wire ring around which 
is moulded a tough rubber compound to form the wheel rim. The 
spokes forming the arms connecting the rim with the centre hub por- 
tion consist of four spring steel rods with extensions of the rubber 
rim to support their outer ends. This type of flexible steering wheel 
is favoured for sports and racing cars. 

Abrasion Resistance 

On account of its very high resistance to abrasion, combined with 
excellent resilience, rubber is used for many purposes w^here the ques- 
tion of wear is of primary importance. A notable example of this is 
the case of motor tyres. Here w^e have a material possessing good 
resilience, shock-absorbing ]>roperties and long wearing qualities. 

Rubber is employed for flooring, as a stef) covering material, and 
to some extent as a noise reducing road surface covering. It is interest- 
ing to note that the rubber-covered steps have at least twice the length 
of life of stone steps. 

Rubber is also used for gloves and tubing for sand-blast w'ork, 
linings for ball mills, and conveyor belting for ore and coal; all of 
these are applications in which severe abrasion is incurred. 

Rubber Associated Products 

Apart from its use in the ordinary form, rubber is now widely 
employed in association with other materials for a variety of purposes. 
Used in conjunction with canvas and fabrics it preserves its flexible 
properties to a large extent, but is considerably stronger and will not 
dilate or compress to anything like the siime extent as the pure rubber. 

Rubber hose, belting, jointing materials for steam and hydraulic 
work and rubber tyres (outer covers) for cars and cycles are examples 
of its improved properries in association with fabrics of various kinds. 

In association wdth asbestos, rubber forms an excellent steam band 
packing material. Compressed rubber and asbestos, with or without 
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brass wire bonding, forms a useful fric?tion lining material for motor- 
car and colliery brakes and similar purposes. 

Rtibber hose^ with both natural and artificial rubter content, is now 
used for many different purposes; for instance, steam, water, gas, 
oil, petrol, acid and vacuum hose as used for the delivery of liquids 



Ffo. 191. ('entrifuoal Pcmp Linku with Hi bhkh 
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and gases, transmission of power as in pneumatic macliine (H)miections, 
vacuum brake hose or sand-blast hose. Every type of hose must be 
considered in the light of the service it has to give. The hose may lx* 
plain or reinforced with insertions of canvas or wire. 

Rubber belting is used for transmitting power and for conveying 
ore and other materials. In this respect its resilience and abrasion 
resistance are predominant features. 

Rubber Ltnings 

Rubber linings are ideal for vessels exposed to abrasion and chemical 
action. They can be employed for lining acid tanks, centrifuges, and 
tanks in which chemicals are stirred, mixed, or agitated, the blades 
of the stirrers being similarly covered. 
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Fig. 191 illustrates a centrifugal pump* used for pumping gritty 
water. It is lined entirely with rubber and is stated to resist the 
erosion of grit and pulp at least ten times more effectively than steel. 

The rubber, which is of a soft variety, 
F. is vulcanized on to the castings of 

the pump impeller and casing; the 
lining is about A in. thick. 

£ Insulating Machinery by Rubber 

An important application of rub- 
bc‘r is in connection with the insulat- 
iug of marhinery vibrations from the 
floor or foundations. There are 
several methods of applying rubber 
for this purpose. In one a special 
jW D foundation bolt has been 
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Fig. 193. The Assembled 
Ki;bbkk Insulating Bolt 
Device 


designed, such that the bolt head is completely enclosed in rubber 
under compression ; moreover, the degree of compression can be 
varied simply by tightening or slackemng a screwed cap. 

Fig. 192 illustrates the component parts of the insulator, whilst 
Fig. 193 shows it assembleii ready for use. The upper portion of the 
flange A, which is bolted to the floor, is made in the shape of a cup 
or socket into which the sheet metal cup B and a thick rubber pad C 
are inserted. The machinery holding down lK>lt I) has a rubber end 
• Tiiternational Combustion Ltd., Aldwyoh, London, W.C.2. 
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which is located within the space between A and the ring E, The 
lower end of D registers in the top of C. The top half of the socket fits 
over this pad, and may be tightened down by means of a screwed ring 
E engaging with the threaded base. F is an insulating washer. 

These devices are placed under the feet or base of the machine to 
be insulated, and bolted to the floor and to the motor. The shook 
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insulators are then adjusted by tightening the screwed cup, whilst the 
machine is running, until the vibrations are all absorbed. 

Rubber Bearings 

A fairly recent application of rubber is for the bearings of hydraulics 
turbines. On account of its high abrasive resistance rubber is well 
suited to . bearings that are exposed to the action of gritty liquids. In 
the case of the guide bearings of hydraulic turbines, with other materials 
severe silt conditions are known to cause fairly rapid wear ; , with rub- 
ber, however, bearings have been in use for over two years with no 
indications of wear. Further information on this subject is given at 
the end of Chapter VII. 

Oravab-inimping Plant Parts ^ 

In the cas(i of gravel-pumping plant on the Thames, delivering 
material into a screening plant, the sharp sand wore the elevator 
rollers and chain rapidly. By fitting a rubber sleeve on the drum of 
the roller the life of the elevator chain was prolonged at least eight 
months, while the rollers wore indefinitely. As the wear caused by 
the chain was confined to a given area of rubber, and to avoid having 
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to replace the whole sleeve, a number of narrow sleeves were employed ; 
these were arranged adjacent to one another. The wet sand also cut 
the steel shoots rapidly ; this 
trouble was arrested by covering 
them with rubber. 

Some Other Engineering Applica- 
tions 

The use of rubber sleeves for 
the joints of pipe lines has also 
received consideration, since the use 
of these liquid-tight connections 
would not only simplify the laying 
of pipe lines, but also enable curved 
lines to be laid without the necessity 
for special joints. 

It is also jx)8sible to protect the 
metal surface of ])ipes against 
erosion and corrosion by lining with 
rubber. 

Rubber covered rollers have also 

been used to replace steel rollers 

used for guiding haulage roj)es in 

certain South African mines. The 

roije, instead of bearing on a hard 

metal surface, rests on resilient rub- MEi'Hon of Testing 

. 1 . Hoxofi) UrnHEK AND Metal 

her discs. Ihese are mounted in Memheu in Shear 

a housing running on ball-bearings. ( luforc. During tc«t. 

This resilient type of roller prevents 

wear of the ropc% has a much longer life and is less noisy in ojieration. 
Moreover, the slip that occurs wIkmi steel rollers are used — causing 
embrittlement of the outer strands of the cable — is absent in the case 
of rubber lined rollers. 

Bonded Rubber and Hetal 

In view of the numerous applications of rubber in contact with 
metal parts, attention has lieiui given to the subject of bonding rub- 
ber to metal so that the resulting parts can he useil not only in iom- 
pression, but also in tension and shear. It is now possible to produce 
commercially bonded rubber and metal which enables the rubber to be 
employed at will under tension, compression and shear with complete 
fre^om to distort without volume nniuction. Hitherto only the 
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Fi<;. lOfi. Tknsil?: Tk«t ont Metalastik Unit 


'7^/0 Before. {Rhjht) I hiring test. 



DEFLECTION -INCHES. 

Fig. 197. Rf.sitlts of Shear Tests on Bonded Rubber 
TO Steel Specimens 
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natural rubber products could be bonded to metal satisfactorily, but 
more recently some of the synthetic rubbcjrs, such as Neoprene, have 
successfully been used for this purpose. 

Further, although rubber could at first only be attached to steel 
and cast iron, it can now be bonded satisfactorily to aluminium and 
magnesium alloys, Bakelite and glass. 




When nroperh- boiuK‘(i rubber aiul metal joints are tested in shear, 
as depicteti in Fig. 195. it is found that a relatively ^at amount of 
distortion ean oceiir before the rubla^r fractures, and that when brettk- 
down eventually occurs the fracture does not take place at the metal 

surface but through the rubber itself. 

The reault of a to»ile tot m~le upoo • MetaWtik* an.t .. Aotm 
In the l»-0 ilh..tr,tlonn n.pro.tace,l in Pi*. IM. H » 'll kf 

* Mctalastik Lul. 
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under the extreme tension conditions indicated in the right-hand 
illustration, namely, when the rubber has been stretched to 2*7 times 
its original length, there has been no separation of the rubber from the 
steel end discs. 

Fig. 197* illustrates the results of shear tests made upon bonded 
rubber and steel members of three different rubber hardnesses, namely, 



Fig. 199. The Bristol Radial Aircraft Enoii^b Flexible 
Moontixo Unit 

30, 40 and 50 ; the shear stresses at fracture were 293, 537 and 537 lb. 
per sq. in., respectively. Bonded rubber parts are employed for air- 
craft and automobile engine mountings (Fig. 198), for machinery 
mountings and numerous other engineering purposes. 

In connection with the use of oil and petrol resisting synthetic 
rubbers for metal bonding purposes, a method of joining rubbers, such 
as Neoprene, to steel and aluminium by hot vulcanization, known as 
the Dura-Bond process, eliminates the need for a hard rubber base 
next to the brass-coated metal. This method gives an adhesive strength 
of 500 to 7001b. per sq. in., and the bonded rubber can be used at 
temperatures up to the boiling point of water. It possesses excellent 

* Ante, page 145, note. 
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age-resisting properties, and is now being used in automobile construc- 
tion and in the mechanical goods industries. 

The Bristol radial aircraft engines are provided with the flexible 
mounting shown in Fig. 199. It consists of a ring made up of nine 


rubber buffer mounting units 
spaced equidistantly between 
light alloy support jackets of 
wide channel section. This ring 
is attached to the front face of a 
sheet metal cone-mounting flange 
which is W'cured to the aircraft 
frame or power unit wing-mount- 
ing frame. A detailed view of 
one of the rubber buffer members 
is given in Fig. 200. 




c 

Fio. 201. The Oscillith Rubber- 
steel Spring Bush 


Fig. 200. One or the Flexible 
Mounting Members 
(C ourtOHy 7'hr Aeroplane.) 


.1 — Insertion of member. 

/?— KfTect of tightening nut. 

C— Alternative arrangomont giving greater 
endwise mnv<‘nient. 


Rubber-Steel Spring Bushes 

A type of resilient bush, kno\^Ti as the Oscillith* (Fig. 201), utilizes a 
steel compressed spring firmly bonded to rubber in the form of a bush. 
When the latter is compressed endwise the rubber is displaced radially 
between the coils, so that the internal and external diameters are 
reduced and increased respectively. The bush, >vhich requires no 

♦ Wilmot-Breeden Ltti. ' 
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machined parts, is slipped over a shouldered spindle of slightly smaller 
diameter than the internal diameter of the bush and the niit on the 
pin member screwed up, when the bush expands on to the pin and into 
the outer housing ; a retaining washer is placed between the nut and 
bush. The latter, after insertion, is thus initially stressed and can take 
radial, axial and torsional loads. It is used for aircraft engine mount- 
ings, machine mountings, flexible couplings and a variety of other 
engineering applications. 

Sponge Rubber 

When a rubber compound of . suitable composition is expanded by 
forcing an inert gas into the plastic material it can be made into the 
form known as expanded or sjx>nge rubber, the constitution of which 
consists of an extremely large number of small gas cells encioserl by 
means of rubber membranes. It is thus j)ossible to f)rodu(‘e expamled 
rubber of very low density, namely, from 3 to 10 lb. per vuh. ft. 

This material possesses excellent elastic properties due primarily 
to the yielding tendencies of the numerous gas cells with their flexible 
rubber w'alls; moreover, it has a low' moisture absorption; thus a 
sample made for aircraft purposes when soaked in water f(»r 235 hours 
absorbed only 0*6 jxjr cent of its weight of water. 

Sponge rubber is used in place of ka|)ok and hors<‘-hair in uphol- 
stery for automobile seats and squabs, seat backs, pillows, mattresses, 
flooring, in-sulating slabs, etc. 

It has been used to a small extent in aircraft cofistruction, w Iktc it 
is now being bonder! with .synthetic resin to plyw'ocKl and used as a 
separator. 

Cellular Rubber Insulation 

A more recent cellular rubber prodiu^ for he^at insulation purposes 
has only one-half the weight of cork and consists of very thin rubln'r- 
walled cells containing nitrogen. The low thermal condiuitivity of this 
insulation compares favourably with that of granulated cork, pow^lered 
gypsum and laminated fibre board. It is oil- acid- and rot-resistant 
and is unaffected by moisture. The product is available^ commercially, 
in the form of insulation boards weighing 4*5 and 5*5 lb. per cub. ft., in 
a thickness of 1 in. The material can be sawn and planed in a similar 
manner to wood. 
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British Standard Specifications for Metals and Alloys 

(Abridged)* 

I. Ferrous Materials, etc. 

32 — 1935. Steel Bars for the Production of Machined Parts for General 
Engineering Purposes. 

51 — 1939. Wrought Iron for General Engineering Purposes (Grades A, 
B and C). [Add. November, 1939.] 

224 — 1938. Steel for Die Blocks for Drop Forgings. 

309 — 1927. White Heart Malleable Iron Castings. [Add. May, 1931.] 

310 — 1927. Black Heart Malleable Iron Castings. [Add. May, 1931.] 

321 — 1938. General Grey Iron Castings, Grades A and C. 

592 — 1935. Steel Castings for General Engineering Purposes. [Add. 
February, 1941.] 

681 — 1936. Carbon Chromium Steel. 

682 — 1936. 3 per cent Nickebchromium Case-hardening Steel. 

7^5 — 1937. Hot Rolled Mild Steel Strip (or Hoop) not exceeding 10 inches 
wide for General Engineering Purposes. 

762 — 1938. Wrought Iron Bars, ** Special” Grade. 

786 — 1938. High Duty Iron Castings, Grades 1, 2 and 3. 

821 — 1938. Iron Castings for Gears and Gear Blanks (Ordinary, Medium 
and High Grade). 

847 — 1939. Cold Rolled Mild Steel Strip for General Engineering Purposes. 

858—1939. “Best Yorkshire” Wrought Iron. [Add. October, 1940.] 

1 — 1920. Rolled Steel Sections for Structural Purposes. [ U nder Revision, 
1940.] 

13 — 1910. Steel for Shipbuilding, Structural. [Under Revision^ 1040.] 

18 — 1938. Tensile Testing of Metals. 

182 — 184 — 1938. Galvanized Iron and Steel Wire. 

399—400 — 1930/1. High and Low Carbon Steel Cylinders for Storage of 
Permanent Gases. 

449 — 1937. Use of Structural Steel in Building. [Add. November, 1939.] 

485 — 1934. Tests on Thin Sheet Metal and Strip [not exceeding 0*128 inch]. 

494 — 1933. Cold Drawn Weldless Steel Tubes for Steel Boilers and 
Superheaters. 

499 — 1939. Welding and Cutting, Nomenclature, Definitions and Symbols 
for. 

512 — 1934. Hot Finished Weldless Steel Boiler and Superheater Tubes 
[for Temperatures exceeding 850° Fah.]. 

528 — 1934. Lapwelded Steel Boiler Tubes for External Pressure. 

548 — 1934. Hi^ Tensile Structural Steel for Bridges, etc. [Add. May, 
1936, and February, 1938.] 

560 — 1934. Engineering Symbols and Abbreviations. British Standard. 

601 — 1935. Steel Sheets for Transformers for Power and Lighting. 

621 — 1935. Wire Ropes of Special Construction for Engineering Purposes. 

* Briti^ Standards Institution^ 28 Victoria Street, London, S.W.l. 
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640 — 1035. Bare Rod or Wire Electrodes for Metal Arc Welding, Wrought 
Iron and Mild Steel. 

641 — 1935. Small Rivets (Ferrous and Non-ferrous) for General Purposes. 

603 — 1036. Oxy-acetylene Welding as Applied to Steel Structures. 

033 — 1041. Magnetic Materials for Use under Combined D.C. and A.C. 
Magnetia^tion. 

068 — 1041. High Tensile (Fusion Welding Quality) Structural Steel for 
Bridges, etc., and General Building Construction. 

II. Automobile Materials and Parts 

6001—1924; 6002—1924; 5003—1027. CancelUd. 

6004 — 1027. Cast Iron Piston Ring Pots (Sand Cast and Chill Cast) for 
Automobiles. 

5005 — 1924. Wrought Steels for Automobiles. [Add, June, 1920.] 

6006 — 1024. Cold Worked St^eel Bars and Strip for Automobiles. [ Add . 
Jime, 1028.] 

5007 — 1924. Sheet Steels for Automobiles. 

5008 — 1924. Valve Steels and Valve Forgings for Automobiles. 

6000 — 1924. Steel Tubes for Automobiles. 

6010 — 1925. Steels for Laminated Springs for Automobiles. 

6015 — 1927. Splines (Bottom Fitting) for Automobiles, Dimensions for. 
[Utvder Revision.] 

5016—1923; 5017—1923; 5018—1923 ; 5019—1923; 5020—1924; 6021 
1928. Cancelled. 

6027 — 1924. Magnetos for Internal Combustion Engines, Dimensions for. 

5028 — 1924. Steel Castings (Nos. 1 and 2 Grade) for Automobiles. 

III. Non-ferrous Materials, etc. 

369 — 1929. 98 per cent Aluminium (Notched Bars, Ingots, Rolling Slabs 
and Billets). 

360 — 1929. 99 per cent Aluminium (Notched Bars and Ingots). 

361 — 1929. 7 per cent Copper-aluminium Alloy Castings for General 

Engineering Purposes. 

362 — 1929. 12 per cent Copper-aluminium Alloy Castings for General 

Engineering Purposes. 

363 — 1929. Zinc-copper-aluminium Alloy Castings (Crank Cases and 
General Use). 

385 — 1930. Pure Aluminium Tubes for General Engineering Purposes. 

386 — 1930. Pure Aluminium Bars and Sections for General Engineering 
Purposes. 

388 — 1938. Aluminium (Powder and Paste) for Paints. 

396 — 1930. Wrought Light Aluminium Alloy (Duralumin) Sheets and 
Strips for General Engineering Purposes. 

39(j — 1930. Wrought Light Aluminium Alloy (Duralumin) Tubes for 
General Engineering Purposes. 

414 — 1931, Wrought Light Aluminium Alloy Sheets and Strip (Heat- 
treated) for General Engineering Purposes. [Covering Y-alloy, alw.] 

477 — 1933, Wrought Light Aluminium Alloy Bars for General Engineering 
Purposes. [Covering Duralumin ] 

478— 1933. Wrought Y-alloy Bars for General Engineering Purposes, 
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532 — 1934. Light Aluminium Alloy Forgings for (^nsral Engineering 

Purposes. [Covering Duralumin.] ‘ 

533 — 1934. Y-ailoy Forgings for General Engineering Purposes. ' 

702— ^1930. Silicon Aluminium Alloy Castings for General Engineering 
Purposes. 

703 — 1936. Y-alloy Castings (as Cast) for General Engineering Purposes. 

704 — 1926. Y-alloy Castings (Heat-treated) for General Engineering 
Purposes. 

918 — 1940. Aluminium Bars Containing Small Proportions of Copper and 
Zinc for General Engineering Purposes. 

24 — Part 5 — 1925. Railway Rolling Stock. Copper Plates, Rods, Tubes 
and Pipes and Brass Tubes. 

99 — 1922. Copper Alloy Pipe Fittings. Screwed for IjOW and Medium 
Pressure B.S. Copper Tubes. [Add. October, 1927.] 

61 — 1913. Copper Tubes and their Screwed Threads. (Domestic and 
Similar Work.) 

125 — 1930. Hard Drawn Copper Solid and Stranded Circular Conductors 
for Overhead Power Transmission Purposes. [Add, November, 1933.] 

128 — 1929. Bare Annealed Copper Wire for Electrical Machinery and 
Apparatus. Dimensions and Resistances. [Add, April, 1930, and 
November, 1935.] 

174 — 181 — 1038. Overhead Line Material [Non-ferrous] for Telegraph and 
Telephone Purposes. [Includes Copper, Bronze and Copper-cadmium 
Wires.] 

198 — 1925. Electrolytic Copper Wire Bars, Cakes, Slabs and Billets. 

199 — 1924. Electrolytic Copper Ingots and Copper Bars. 

200 — 1924. Tough Copper Cakes and Billets for Rolling. 

201 — 1924. Fine Copper Cakes for Rolling. 

202 — 1924. Electrolytic Cathode Copper. 

203 — 1924. •* Best Select ” Copper. 

207 — 1924. Special Brass Ingots for Castings. 

208 — 1924. Special Brass Castings. 

218 — 1925. Brass Bars and Sections, suitable for Forgings and Drop 
Forgings. 

249 — 1926. Brass Bars (High Speed Screwing and Turning). [Add, 
February, 1931, and November, 1932.] 

250 — 1926. Brass Bars, High Tensile, and Sections (Grades A and B). 
[Add, November, 1932.] 

251 — 1927. Naval Brass (Admiralty Mixture) Bars and Sections. [Add, 
July, 1931, and November, 1932.] 

252 — 1927. Naval Brass (Special Mixture) Bars and Sections. [Add, 
November, 1932. — Under Revieion,] 

265 — 1936. Cold Rolled Brass Sheets, Strip and Foil (Copper, 61*5 per cent 
to 64*0 per cent). 

266 — 1936. Cold Rolled Brass Sheets, Strip and Foil (Copper, 64*0 per cent 
to 67*0 per cent). 

267 — 1936. Cold Rolled Brass Sheets, Strip and Foil (Copper, 68*0 per cent 
to 72*0 per cent). 

352 — 1929. Phosphor Bronze Turbine Blading. 

356 — 1929. Brass Armouring Wire for Electrical Cables. 

369- -1929. Phosphor Bronze Bars or Rods for General Purposes (Grades 
A and B). 
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378 — 1930. Brass Tubes and Screwed Glands for Condensers for Land 
Purposes. 

382 — 1030. 2/10/88 Bronze (Gun-metal) Ingots for General Engineering 
Purposes. 

382 — 1930. 2/10/88 Bronze (Gun-metal) Castings for General Engineering 
Purposes. 

384 — 1930. Hard Drawn Phosphor Bronze Wire, Primarily for Armature 
Binding. 

407 — 1939. Phosphor Bronze Sheets, Strip and Foil (up to 10 8.W.G.). 

409 — 1931. Naval Brass Plates, Sheets and Strips. (Excluding N.B. 
Condenser Plates. ) 

421 — 1931. Phosphor Bronze Castings for Gear Blanks. 

444 — 1932. Plain Deail Soft Copper Strip, Bars and Rods, for the Windings 
of Electrical Machines. 

069 — 1936. IJght Gauge Copper Tubes. 

072 — 1930. Hard Drawn Copper-cadmium Solid and Stranded Circular 
Conductors for Overhead Power Transmission. 

099 — 1930. (Jopper Cylinders for Domestic Purposes. 

711 — 713 — 1930. Odd Rolled Brass Sheets, Strip and Foil. [Copper, 
80, 85 and 90 per cent.] (Up to and including 3 S.W.G. thiclmees.) 

837 — 1939. Steel ('ored Copper Conductors for Overhead Power Trans- 
mission Purposes. 

204 — 1920. Hot Rolled Yellow Metal Plates. Sheet and Strip. (Excluding 
C'onden.ser Plates and .Ships* Sheathing.) 

885 — 880- -1940. Seamless Brass Tubes for General Purposes (Harl 
Drawn, 25 t-o 35 Tons per sq. in. Tensile and Annealed.) 

897 — 898 — 1940. leaded Gun-inetal Castings and Ingots. [Add. October, 
1940.] [85/5; 5; 5.1 

900 — 901 — 1940. Treaded Gun-irietal Castings and Ingots. [Add. October, 
1940.] 187 9 8 1.1 

899 — 1940. Cold UoIUmI Cupper Sheets and Strip (Half-haid and Annealed) 
for General Purposes (up to 3 S.W.G. ). 

920 — 1940. Naval Brass Die Castings. 

932 — 1940. Brass Gravity Die Castings. 

944 — 1941. Cast Brass Bars (suitable for Foiging) and Forgings. 

900 — 905 — 1941. Iveaded Bronze Ingots and Castings (from 70 '9/O/15 to 
85/10/0/5). 

IV. Misceixaneous 

2O0--1924. Silver Solder. 

219— 1932. Soft Solders (Grades A, B. C, D, E, F, G, H, J and K). 

220 — 1920. Fine Zinc (or Spelter) (Grades A and B). 

221 — 1920. Special Zinc (or Spelter). 

222 — 1926. Foundry Zinc (or Spelter). 

263 — 1931. Brazing Solders (Grades AA, A and B). 

441 — 1932. Cored Solder, Rosin Filled. 

374 — 1930. Nickel-copper (Cupro-nickel) Sheets and Sli’p. 

376—1930. Refined Nickel (Grade A). 

790—1938. Nickel Silver Sheets and Strip of lO to 30 pir cent Nickel 
Content (up to and including 3 S.W'.G.). 

801 — 1938. Lead and Lead Alloys for Cable Sheatnmg. 

871 — 1939, Abrasive Papers and Cloths for General Purposes. 
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872 — 19d9, Abrasive Papers and Cloths (Technical Products). 

771 — 1988. Synthetic Resin (Phenolic) Moulding Materials and Mouldings. 

668-^1936. Laminated Synthetic Resin Bonded Sheet (Fabric Base) for 
Use as Gear Material. 

474 — 1932. Synthetic Resins (Phenol-aldehyde Type) for the Manufacture 
of Boards, Tubes and Cylinders. 

488 — 1923. Moulded Insulating Materials suitable for Accessories for 
General Electric Installations. 

647 — 1934. Synthetic Resin Bonded-paper Sheets (Grade 1) for Electrical 
Purposes. ' 

316—1929. Synthetic Resin Varnish Paper Boards and Tubes for General 
Electrical Purposes. 

972 — 1941. Synthetic Resin Bonded Fabric Sheet for Electrical and 
Mechanical Purposes. ( N ew Standard September, 1941.) 

626 — 1935. Micanite for Commutator Separators. 

231 — 1936. Pressboard for Electrical Ihirposes. [Excluding Built-up’* 
Pressboard.] 

234 — 1933. Ebonite for Electrical Purposes. 

867 — 1939. Safety Glass for Land Transport. 

934 — 1940. Vulcanized Fibre (Natural Colour) Rods and Tubes for 
Electrical Purposes. 

1003, 1004 — 1942. High Purity Zinc and Zinc Alloys for Die Casting. 

1007 — 1942. Summary of British and American Speciftcations for Non- 
Ferrous Materials. 
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controls in Bakelite laminated, I 

408, 400 

engine bearers, magnesium alloy, ! 

128 I 

bearing metals, 228, 232, \ 

241, 242, 247, 248, 251 

_ — connecting rod bearings, 

progress in, 229 

exhaust manifold. Inconel, 

219 I 

formers, 10 

mountings, 10, 457, 458, 

459 

—• percentages of different i 

metals in, 5 

flooring, plastic-bonded, 422 ' 

fuselage, magnesium alloy, 125 j 

metal ribs, 10 i 

structure's, 9 el seq., 126 • 

€t seq, [ 

, plastic materials for, 412 

plywoods, 417c/ seq. 

sparking plugs, 327, 387 

undercarriage parts, 10, 128 

uses of synthetic rubbers. 439 

webs, 10 

wings, magnetsium alloy, 125 • 

Air Ministry Specifications (see O.T.D, ; 
Specifications) 

Airscrew blades, corrosion effect, 122 j 

— , magnesium alloy, 119, 122, j 

125 I 

Airscrews, in plastic materials, 415,423 
Aitchison, L., 17, 42, 49, 58, 102, 105 
Alolad, 80, 85, 413 
Alcoa, 283 
Aldal, 48 


Aldrey, 46 
Aldural, 85, 87 
Aiferium, 48 

Alkaline earth, bearing metals, 238, 
240 

Alloprene, 435 

Almag, 48 

Almalec, 46 

Alni, 194 

Alnico, 194 

Aloxite, 359 

Alpax, 40, 79, 284 

Alpha aluminium bronzes, 174 

Alpha-beta brasses, 147, 148 

brasses, 147, 148, 149 

bronzes, 170, 171, 173 

-delta eutectoid, 163, 170 

nickel silvers, 221 

solution, 20, 21, 147, 170 

Aluminium alloy bearing, 246 et eeq. 

crankcase eastings, 79. 80, 

81 

cylinder temperatures, 14 

cylinders, 37, 48, 64, 68, 69, 

70, 74 

pistons, 78 

— protection methods, 88 

- - alloys, 5 et seq.^ 34 et aeq, 

^ classification of, 44 

, annealing, 25 

- applications, 25 et seq, 

- - base die-casting alloys, 282 
brass, 156 

bronze, 145, 170 c< seq,^ 293 

-ehromium-magnesiiun alloys, 44 

, commercial gr^es, 25 
-copper alloys, 35 
corrosion resistance, 25 

- deoxidising properties of, 27 

die-casting, 273, 282 

, electrical properties, 23, 27, 28 

— - high-strength brasses, 157 

-magnesium alloys, 42 

-manganese alloys, 44 

, mechanical properties of, 23, 29, 

30,31 

, melting, 27 

— , microscopic structure, 23 

, motor-car applications, 27 

oxide abrasive, 359 

coating methods, 80 el eeg. 

, physical properties of, 22 
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Aluminiuih powders, 30 

rolled sheet structure, 24 

sheet metal operations, 91 

properties, 20 

-silicon alloys, 38 

-tin bearing metals, 247, 248 

wire, properties of, 29 

-zinc alloys, 37 

Alumino-thermics, 32 
Alundum, 359 , 

Alunize aluminium soldering process, 
100 

American Society of Testing Materials, 
306, 307 
Ameripol 435 
Annealing aluminium, 25 

alloys, 48 

copper, 138, 139 

Inconel, 217 

K-monel, 216 

Monel, 210 

nickel, 190 

Anodizing process, 80, 89, 90 
Antimonial-tin solder, 301 
Antimony, effect in lead-tin solders, 
300 

, in whitemetals, 233, 234, 

235, 236 

, properties of, 332 

Archbutt and Jenkin, 103 
Arsenic effect in copper, 142 
Artificial abrasives, 358 et neq. 

rubbers, 435 ei aeq. 

Asarcoloy bearing metal, 252 
Asbestos fibre fillers, 398 

, properties of, 361 

Ashberry metal, 320 
Atkins, W. E. and Cartwright. W., 176 
Austenitic steel, 77 
Austin engine pistons, 287, 288 
Automobile aluminium castings, 37 
et 8eq„ 79, 80, 81 

bearing pressures, 228 

connecting ro<l, thin l^earings, 

236 

* magnesium alloy castings, 124 

et aeq, 

uses of copper alloys, 146 

uses of synthetic rubbers, 440 

etaeq. 

Babbitt bearing metals, 233^ 239 

, improved shell bonding method, 

257 

Baekeland, Dr., 395 
Bahnmetal, 240 

Bakelite applications, 397, 406 et aeg. 
beamga, 261 


Bakelite- faced wooden spars, 417 

huninated, 407 et aeq. 

moulding materials, 395 

products, 395 et aeq, 

resins, 396 

Balata, 381 

Balias (diamond), 364 

Barium effect in nickel alloy, 222, 223 

Basis brass, 146, 152 

(leaded), 146 

Batterium, 321 
Bauxite, 22 

Beams, comparative strengths of, 414 
in st<»el and light alloys, com- 
parison, 8, 9, 414 
Bearing friction, 225, 226 

, laminated bronze -steel, 260 

- metal hardnesses, 232, 237, 238. 
248 

— , resistance to wear. 226. 227 

metals. 225 et aeq. 

^ melting points, 229 

^ strengths at elevated tem- 
peratures, 230 

pressures, 227, 228, 229, 243, 251, 

261 

“ *, rubbing specils, 228 

strength of wood, improving, 423 

Bearings, Bakelite laminated, 261 et 

i 

I — ^ clearances for, 247 

• , mouldecl metallic powder, 255 

— , rubber,’ 264 

Bending metal tubing, filling alloys, 3 1 4 
Bend test, aluminium sheet, 26 
Bengough. C. D., 89, 121, 123 
Beta (alpha), 40 

brass, 147 

solution, 20, 21 

Beryllium -aluminium pistons, 333 
bronze, 184 et aeq. 

- -copper alloys, 184 

- bearing metal. 254 

effect in copper. 145 

-nickel alloys, 195 

, properties of, 332 

BinnaVjright alloys, 43, 51, 84, 284 
Birmasil, 284 

Bismuth -cadmium low melting point 
alloy, 316 

effect in copper, 142 

.lead low melting point alloy, 316 

, properties of. 334 

solders, 310 

Bitumen, plastic, 389 
Blanking operations, aluminium sheet, 
56 

i Boart (diamond), 364 
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Bond between bearing metal and shelb 
244 

Bonded rubber and metal, 455 et fteq. 
Booth, JameH, Ltd., 85 
Bradbury, 66 

Brake drumH^ magnesium alloy, 124 

- linings, 369, 370 

- shoes, magnesium alloy, 124 

Brass, alpha, 148 

alpha-beta, 148 

, aluminium, 156 

— , basis, 146, 152 

, cartridge, 146, 147, 152 

, free cutting, 146 

, high tensile strength, 1 37 ei seq 

, hot-stamping, 163 

♦ , machinable, 1 56 

, naval, 156 
-, red, 146 

— , Umiper-hardening, 160 
Brasses, 146 H tteq. 

Brazing alloys, 310 et Hrq. 

applications, 312 

cast iron, 313 
copper, 137 

— fluxtw, 312, 313 
— iron and steel, 3 1 1 

Monel metal, 210 

Bright nickel plating, 224 
Brightray, 195 

Bristol engine mounting, 458, 459 
Britannia metal, 319, 320 
British Aluminium f’ompany, 3, 4, 26, 
27, 3 1 , 40, 4 1 , 44, 49, 78, 79, 9 1 , 98 

- Bound Brook Bearing (\>., 255, 

259 

Oxygon Company, 130 

Standard SptMMlications, ,36, 86, 

134, 143, 146, 153, 154, 156, 159, 168, 
169, 276, 300, 302, 306, 382, 395. 41 1 
(see also Appendix No. II) 

Bronze, aluminium (set* Aluminium 
bronze) 

— , Ix^ryllium, 184 et seq. 

die-castings, 292, 293 

- insets in aluminium cylinders, 77 

, manganese (see Manganest' 

bronze) 

, nickel (see Nickel bronzes) 

- , phosphor (S€M* Phiwphor bronze) 

welding, 313 
Bronzes, the, 163 ct my. 

Brucite, 101 

Bullet envelojw alloys, 194, 198 

- -proof gloss, 380 

Buna synthetic nibl)er, 374, 435, 438 

Cahlk, aluminium -steel cored, 28 


Cadmium bearing metals, 249 et aeq, 

in copper, 144, 249, 335 

in magnesium alloys, 106, 107, 

117 

in whitemetals, 231 

j low melting point alloys, 316 

j -mercury alloys, 335 

! -nickel bearing metal, 248, 252 

plating, 336 

, properties of, 334 

-silver l>earing alloys, 251 

solders, 250, 301, 309, 335 

- -zinc solder, 250, 301, 335 
Calcium in magnesium alloys, 120 
(^an, tearing metal, 240 

Cap copper, 152 
Carl>onate (diainoml), 364 
Carborite, 160 
1 ('nrboruiidum, 360 
j Carfx»ntf»r and Edwartis, 35, 171 
I Cartridge brass (stx* Brass, cartrulge) 

I Casein, 390, 392 

' Castings, aluminium alloy, 36 et aeq. 
i 78, 79 rf aeq. 

. polishing, 97 

i - , petrol engine. 78, 79 
1 .... — ^ porous, alloy for filling, 316 
('ast iron soldering. 3U4 
Cathode copper, 135 
(.’elastoid, 390 
Cellastine, 390 
Cellular rubber, 460 
Celluloid. 362 
(Vllulose, 363. 390, 392 

a<^etate. 390, 392 

I fluff. 412, 414 

1 - nitrate, 392 

; f’eraliuin alloy. 52, 79. 284 
j C.Vramic insulators, 388 
j Cerium in rnagnesiiun alloys, 105, 120 
: Cerrobaso alloy, 317 
Cerrobend alloy, 317 
Cerromatrix alloy, 317 
Chemigum, 435, 438 
China clay, 22 

Chlorides, corrosion effects in magne- 
sium alloys, 121 

; (9iroinate protection, magnesium 
alloys. 122 

! Chromet bearing metal, 246 
I l^hromiuin plating, 339 

- , properties of, 338 ct aeq. 

('lad alloys, 12, 44, 85 et aeq* 

aluminium, 11, 85 

Clark, C. L. and White, A, E. 160 
Cleveland graphite l>earing, 258 
Clutch, rubber-mounted, 449, 450 
Cobalt, properties of, 338 
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Coker, E. G., 433 
Cold-drawing effect on brasses, 153 

rolling effect on brass, 166 

on copper, 142 

shiits in die-castings, 282 

Compo H bearing, 266, 267 
Compression allowance in plastics, 416 
Condenser tubes, nickel -copper, 200 
Conducting rubier, 427 
Constantan, 194, 202 
Constitutional diagram (see Equilib- 
rium diagrams) 

Contact, metal, corrosion, 82 
Contracid, 196 
Cook, W. T., 108 
Copper, 135 6/ aeq. 

alloys, classified, 146 

, annealing of, 138 

, applications of, 136 

, arsenical, 135, 146 

'-asbestos gaskets, 373 

-basebearing metals, 233, 239, 240 

die-casting alloys, 292 et aeq. 

brazing, 138 

, cathode, 135 

, deoxidized, 135 

Development Association, 139, 

148, 149, 151, 154, 164, 171, 
172, 175, 242 

eutectic aluminium alloys, 47 

gaskets, 374 

^ , high conductivity, 135, 146 

in aluminium alloys, 35 

le€wi bearing metals, 146 

, lithium, 136 

-nickel alloys, 145, 178 aeq. 

-silicon alloys, 163 

ores, 135 

, physical properties of, 139 

-platinum alloy, 323 

powder, 136 

, refined, 135 

-silver bearing metal, 228 

-tin alloys, 144, 163 e/ aeq. 

, tough pitch, 135 

1 welding, 138 

wire, 140 

-zinc alloys, 144, 146 et aeq, 

expanding alloys, 318 

Cork, engineering applications of, 364 

, properties of, 363 

Corrosion of aluminium alloys, 60, 80 

etaeq, 

of duralumin, 60 

of magnesium alloys, 121 et aeq, 

of riveted joints, 91 

, protection against, 82, 83, 84, 85 

et aeq., 88, 89, 90, 122 


Corrosion resistance, aluminium, 25 

, Inconel, 219 

, Monel metal, 209 

-resistant aluminium alloys, 41, 

42, 43, 44, 48, 83, 84 

-resisting bronzes, 182 et aeq. 

nickel alloys, 195 c/ aeq. 

Corundum, 22, 358 
Couplings, rubber, 449 
Crankcase castings, aluminium alloy, 
79, 80, 81 

, magnesium alloy, 124 

Creep of copper, 141 

of copper alloy, 160, 161 

Cr6pe rubber, 426 
Crotorite bronzes, 178 
Crystolite, 360 
Crystolon, 360 

Culverin engine casting, 79, 80 
Cutting lubricants for aluminium 
alloys, 94, 95 

speeds for brass, 166 

Cylinder casting alloys (see Castings, 
aluminium alloy) 

liner, nickel bronze, 181 

D’Arcet's low melting point alloy, 314 
Debenham, W. R. and Haydon, F. G., 
327 

Delta bronzes, 182, 186 
Densified wood, 412 
Deoxidizing effect, aluminium, 27 
Desch, C. H., 115, 121 
Diakon, 391 

Diamond dies for wire drawing, 367 
dust, 367 

, industrial uses of, 364 et aeq. 

-pointed tools, 366, 366 

Die-castings, 265 et aeq. 

, accuracy of, 269 

• , advantages, 266 

, aluminium, 266, 268, 282 

, bronze, 293 

, bronze, 292, 293, 294 

, copper-base, 292 

, dies, 271 

, p-avity, 265, 286 

, iron base, 294 

lead-base alloys, 273 

, machines for, 272 

, magnesium-base, 289 

. Mazak, 276, 276, 277 

, pistons, 266, 288 

pressure, 266, 269, 286 

, tin-base, 274 

, Zamak, 275, 276 

zinc alloy, 274 et aeq. 

Die costs and outputs, 286 



INDEX 


471 . 


Dies, for die<ca8ting8, 271 

life of, 285, 292 

, location alloy for, 317 

Diesel engine bearings, 245, 251 
Differential aeration effect, 82 
Dolomite, 101 
Douglas, VV. D., 418 
Dow Metal Company, 101, 125 
Dowmetal, 101 

clie^castings, 291 

Drilling aluminium alloys, 95 

Bakelite laminated, 409 

magnesium alloys, 132, 133 

Dring, G., 391 

D.T.D. Specifications, 36, 44, 49, 56, 
112, 146, 283 

Du Prene artificial rubber, 438 

Dura Bond procress, 458 

Durak, 275 

Duralplat, 83, 87, 88 

Duralumin, 11, 12, 16, 45, 48, 49 at seq. 

-derived alloys, 66 

, strength at elevated tempera- 
tures, 16, 17 
Duramold prooess, 421 
Durex bearings, 258 
Dutch metal, 147 

Ebonite, 428, 429, 430 
Electrical brazing method, 313 
conductivities of metals, tabu- 
lated, 137 

contact alloys, 322 et seq. 

bronzes, 186 

properties, metals and alloys (see 

Physical properties) 

, plastics (see Physical prop- 
erties of plastics) 

purposes, nickel alloys for, 201 

stampings, Bakelite laminated, 

407 

Electrocrheinical series of metals, 82 
Electro-coating-aluminium pistons, 85 
Electro-deposition of zinc, 355 
Electrode metals, sparking plugs, 222, 
223 

Electro-plating, 88, 89 
Electrotype, 273, 319 
Elektron alloys. 111 et seq. 

die-casting alloys. 111, 112 

forgings, 113, 117 

fuel tanks, 126, 127 

pressings, 115, 116, 118, 125, 126 

, properties at elevated tempera- 
tures, 16 

- , soldering, 100 

wheels, automobile, 124 

wrought alloys, 112, 117 


Elinvar, 194 

Elongation, percentage (see Mechanical 
properties) 

Emery, 358, 360 
Engine moimtings, rubber, 442 
Equilibrium diagrams of alloys, 18 
etseq., 36, 38, 110, 149, 164, 170, 234, 
297 

Eureka, 194, 202 
Eutectic, definition, 19 
Eutectoid, 163 

Exhaust manifold. Inconel, 219 
Expanding low melting point alloys, 
314, 316, 317, 318, 319 
Extruded brass and copper sections, 
151 

light alloy sections for aircraft, 

11, 12 

Eyles, A., 131 

Fa«ri(!AT 1 on of beryllium bronzes, 187 

of Monel metals, 209, 210 

of nickel, 192 

of nickel-copper alloys, 197 

Fatigue cracking, in whitemetals, 231 
— — limits, aluminium and magne- 
sium alloys, 120 

, copper, 141 

resistance of plastic plywoods, 

419 

of reinforced plastics, 415, 

419 

strength (see Mechanical pro- 
perties) 

Felspar, 358, 385 

Felt base synthetic resin, 412, 413 

, properties of, 367 

Ferodo, properties of, 369 
Ferry, 194, 202 
Fiberglas, 381 
Fibre, machining, 372 
— , properties of, 370, 371, 372 
Filing aluminium alloys, 96 
Fillers for plastics, 412 

for rubber, 426 

Filling materials for Bakelite, 396 
Fireproof asbestos suits, 361 
Firestone pneumatic suspension sys- 
tem, 447, 448 

Tyre and Rubber Company, 442, 

447 

Flaked fabric moulding material, 398 

Flash mould, 402 

Flax-cord fabric plastic, 414 

Flooring, plastic- bonded, 422 

Fluoride, aluminium-sodium, 22 

Flux-cor^ solder, 303 

Fluxes for brazing, 312, 313 
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Fluxes for hard soldering, 307 

for soft soldering, 303, 304 

Formaldehydes, plastics, 393 
Forging temperatures, alutniniiiin al- 
loys, 48, 52, 53, «0, 6«, 
«8, 74 

^ Monel metal, 209 

, nickel, 190 

Fox, F. A., 20, 115, 148, 158, 103, l«7 
Frary bearing metal, 240 
Free-cutting brasses, 146, 156 
Frictional coelficients, 369 

, metal bearings, 225, 226, 

243, 250 
Fry, F., 293 

Fuels, leaded, corrosion effects on 
magnesiiun alloys, 122 
Fuselages, mould^ plastic. 412, 414, 
419, 420, 421 

Galvanizing process, 355 ; 

Garnet, abrasive, 360 i 

Gasket materials, 214, 373, 374, 375 I 

Gears, Bakelite laminated, 406, 4(»8 

, beryllium bronze, 1 87 

G.E.C. heavy alloy, 319 
Genalite bearings, 258 
Genders, R., 349 

General Electric Co. (G.B.), 319, 320 

(U.S.A.), 258 

Motors Co., 257, 258 

Gilding metal, 146, 147, 151 
Glass, crown, 375, 376 

, flint, 375, 376 

insulating tape and (4oth, 380 

, Jena, 375, 376 

f properties of, 375 

to metal cement alloy, 316 

, toughene<j, 380 

, iinsplinterable, 377 et seq. 

Gold contact alloys, 322 ct iteq. 

Goodrich, B. F., Co., 435 
Gough, H. J., 11, 35, 105. 187, 228, 
415, 423 

and Sopwith, D.G., 187 

Grain sizes, abrasive numbers, 360, 361 
Graphite l)earing metals, 255, 258 
Gravity die-castings, 265, 286 
Greenwood, H., 230 
Griffiths, W. T., 234 
Grinding aluminium alloys, 96 
— ^ magnesium alloys, 134 
Guertler, 196 
Gunmetsls, 146, 166 

, Admiralty, 146 

Gutta-percha, 381 

Hansoibg process, 101 


Hanson and Gay lor, 38 
Hardness, aluminium, 23 

and (|uenching temperature, <lur* 

alurnin, 59 

and temperature effect. 17 

of cold-rolled copper, 142 

of lead-tin-antirnony alloys, 23S 
of minerals, 359 

scale, Moh's, 358, 359 

Harclnesst^s, bearing metals, 232 
Hard soldering alurniniutn alloys, 9S 
Hart-Still, S. (\, 412, 414 
Haiighton, J. L. and Prvtherch, W. E., 
115 

Heat condiu^tivity, aluminium, 28 

- expansion coetti<*ients, 329 

Heat -treatable aluminium alloys, 45 

.treatment bath, alloys for, 315 

of ahiininiiim alloys, 45, 47. 48 

of aliiininium bronzes, 177 
- of beryllium bronzes, 1 88 

of brasses (temper- hardening), 
166 

- of duralumin, 58 
of K -monel, 216 
of niokel-aliiminiuin bronze, 181 
of nickel -copper alloys, 197 
of H.R. alloys, 65 

— - of Y-alloys, 65, 74, 75 
Helvetia leather belting, 382 
H<^ro!ilt furnace, 22 
Hessenbriich, \V\, 185 

Heycook. C. T. and Neville. F. H.. 233 
Hickory i»i plasti(!-bonde<l plywood, 419 
Hidiiminiiim (sec» H.K. alloys) 

--- ‘15.” 84 
I - “33, ’ 84 

I High Duty Alloys, Ltd., 66 
j — melting point solders, 306 
nickel bronzes, 178 ct seq. 

nickel -(topper alloys, 163 

strength brasses, 157 et seq. 

magnesium alloy, 117 

„ wrought aliiminiuin alloy, 

I 71 

Hoblyn, J. B., 58 
Horso-i>ower of Indting, 382 
Hot brass stampings, 148, 153 
Hot-short aluminium alloys, 37, 41, 74 
Hot-shortness of Y-alloy, 74 
stamping brass, 153 
working aluminium bronzes, 175 
Hughes, F. A., Ltd., Ill, 115, 133 
Hull, construction, flying boat, 13 
Hume Rotbery, 104 
Hydraulic bronzes, 183 

presses for plastic moulding, 399, 

400, 403, 404 
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Hydrogen furnace brazing of cop|>er, 
137 

Hystorertis effetit in rubber, 434 

Impukitiks in soft solders, 302, 303 
Inconel, 194, 216 et f*eq. 

- exhaust manifolds, 210 
springs, 219 

Insulating materials, 3K0 

tape, 3S0, 181 

Insulation, glass threa<l, 380 
Tntercry stall iiie corrosion, aluminium 
alloys. 61, 82 122 
, zincdjose alloys, 279 ; 

International Tin Research an<l De- 
velopment (\)uncil, 303 ; 

Invar, 194 j 

Tridium-platinuin Piatinuin-iri- I 

diuin alloy) | 

, properties of, 342 
Iron-base die-casting, 294, 295 
Izod impact strengths M<v'}uinical | 
properties) 

Jamk(»c', 412 

flohnson, Matthey, Ltd.. 323 
tjoint rings. Monel metal. 214 
Jones, \V. H. J)., 108 

Kaolin. 385 

K.L.tL sparking plug, 327. 387 
K-moiiel. 213, 214 
Konel, 321 
Koroseal. 435 

Laminatko I)rt)n7,e-stecl bearing. 2<»0 

fabri<’ gears, 406, 408 i 

I)lHStics. 406 vt ffVq. ! 

Landing wlunds, magnesium alloy. 128 ! 
Lanolin protection fr>r metals. 9(», 122 i 
Latex, 425 1 

Lautal, 40, 47 

I>a 3 'rub universal coupling. 449 
Leaii-antimony alloys. 315 

.tin soUlers, 296 ct I 

-base bearing metals. 233, 237 

— die-casting alloys, 273 j 

-bronze bearing metals, 228, 2,32. . 

24\etsrq. j 

- bearings, powilerwl metal ■ 

type, 256 

-coHte<l metals, 343 
-containing brasst^s, 146. 156 

- bronzes, 165 j 

effiHd in eopper-tin bronzes, 165 j 

in whiteinetals. 236 j 

- of tellurium in, 343 \ 

— , properties of, 342 i 


Load-silver solders, 301 

I.<eaded basis brass, 146 

Leather, properties of, 382 

Light alloys in engineering, 4 el seq. 

Ligno-neoprene, 374 

Linotype alloy, 27,3, 319 

Linoxyii, 383 

Linsee<^i oil, 382 

Lipowitz’s alloy, 314 

Liquidus curves, lead-tin, 297 

, nickel -copper, 196 

line, 19 

Lithium in copper, 136 
l^jckhee<l, 451 

Lodge sparking plug, 327, 387 
Low melting prant alloys, 314 

ni(‘kel bronzes, 178. 179, 180 
Liicite, 380, 391 
Lurgi bearing inetaK 240 

MACHFrru. Colin, 442, 449 
Mai'binable bronzes, 166, 167 
Machining aluminium alloys, 93 et seq., 
365. 366 

Bakelite larniiiateil. 409. 410 

6bre.372 

Inconel, 218 

- magnesium alloys, 131 et seq. 
Monel metal. 210 

nickel, 190 
rubber, 435 

- - speeds, 365. 366 
Magnesite, lOl 

Magnesium alloy appli(‘at ions. 1 
alloys. 101 et seq. 

-. heat-treat inent of, 110 
easting alloys, 108, 124. 129 
-cop|K*r alloys. 108 
<lie-casting alloys. 111. 112. 289, 
291 

, effiM^.s of other elements in, 105. 
106 

ignition precautions. 104 
ill aluminium alloys, 42, 43 
-manganese alloys, 105. 117 

- -silicate group of alloys, 46 
. structim^ of. 105 

- - , welding of, 129 

wrought alloys. 111. 112, 115 

Magnolia alloy, 273 
Manganese bronze, 1 46, 1 59 

- in aluminium alloys, 44 

- in magnasiiini alloys, 107 

, properties of, 344 

Manganin, 202 

Mazak die-castings, 273. 275 et seq, 
M.B.V. aluminium alloy protection 
process, 88 
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Meohanioal properties, Alolad and Al- 
dural, 87 

, aluminium, 23 

, -bronze, 171,172,173 

, -copper alloys, 35, 37 

^ -magnesium alloys, 42 

^ manganese alloys, 44 

— — , -silicon alloys, 38, 40, 

41 

^ wire, 29, 30 

, zinc alloy, 37 

at elevated temperatures, 

14, 15, 16 

, Asarcoloy bearing metal, 

253 

™, Bakelite laminated, 410 

^ bearing alloys, 232, 242. 

248, 250, 251, 253 

, brasses, 154, 158. 

— , cadmiiuii bearing metal, 

250 

, chill cast aluminium 

brasses, 158 

, copper, 139 

, Dowmetals, 291 

, duralumin, 16, 58 ei seq. 

^ Elektron, 16 

, G.E.O. heavy metal, 320 

, gunmetal. 167 

^ Inconel, 217, 218 

^ K-monel, 215, 216 

— , lead-tin solders, 299 

^ magnesium, 102 

, alloys, 106, 107, 109, 

112, 117, 119, 120 

^ lllazak alloys, 277 

* — , Monel metal, 204, 206, 207, 

208 

^ nickel, 190, 191 

, -copper alloys, 197, 

198 

, non-ferrous metals, 4 

, phosphor bronze, 168, 169 

^ plastic materials, 390, 392, 

394, 395, 398, 410, 413, 
414 etaeq, 

R.R. alloys, 15, 16, 65 

^ rubber, 431, 432 442 

^ super-duralumin, 61, 63 

whitemetals, 230, 232, 236 

, Y-alloy, 15, 16, 65 

Melting point, beai^g metals, 229 

pomte of metw (see Physical 

properties) 

Mercury-cadmium alloys, 335 
Metalastik, 456, 457 
Metcdlic powder bearings, 255 
Metal spraying process, 89 


Methyl-raethao^late, 389, 391 
M.G.5 aluminium-magnesium alloy, 
43, 128 

M.G.7 aluminium-magnesium alloy, 
43, 128 

M.G.9 aluminiiun-magnesium alloy, 43 
Mica, amber, 384 

, Muscovite, 383, 384 

, properties of, 383 

, ruby, 384 

sparking plug insulation, 385, 386 

, white, 383 

Micanite, 383, 385 
Miorostructure, Alclad, 86, 87 

, aluminium, 24 

^ bronze, 174 

- _ ^ -silicon alloy, 39 

, brass, 147 

. copper-tin alloy, 164 

- - , leaci-bronze bearing metal, 244 
. Monel metal. 203, 205 

, nickel-clad steel. 193 

- , R.R. alloys. 67 

- - . tin -copper-antimony bearing me- 

tal. 235 

- - . whitemetal, 227 

. Y-alloy, 75. 76 
Miller. H. J., 163 
Milling aluminium alloyM. 95 

Bakelite laminated. 411 

; magnesium alloys, 133 

I Minofor metal. 320 
I Modulus of elasticity, aluminium, 23. 
I 29 

.aluminium-bronze. 172 

^ copper, 141 

- , duralumin, 59 

. magnesium. 102 
Monel metal. 206 

_ _ ^ nickel, 191 

phosphor bronze, 1 69 

Moh scale of hardness, 358, 359 
Molybdenum, properties of, 344 

wires, 344 

Monel -faced plywood, 213 
Monel metal, 194, 204 et aeq, 

shaft bearing metals, 254 

Monocoque fuselage, magnesium alloy. 
125 

Monotype alloy, 273, 319 
Moore, C. F., 335 
Mortimer, O., 45, 46, 47, 48 
Moulded airscrews, 423 

plastic-bonded plywoods, 419 c/ 

aeq. 

Moulding methods for plastics, 400, 401 
402, 403, 405, 406 

presses for plastics. 399 el aeq. 
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Mumetal, 194 

Muntz or yellow metal. 147 
Murphy, A. J., 244 

Murray, H. U. and Sponeer. I). A., .‘177. i 

:n«.‘:n9. 3HO | 

N. A. ALrMJNii'M alloys. 5h. 57, 79. 8.5» i 

284 I 

National Pliysioal Lal»orntory, 120 { 

Naval brass, 156 I 

Xoaye, D. P. C., 145 I 

Neoprene synthc'tii* rubber, 874, 485. , 
486 

Newton’s metal, 314 

Niekel alloy for hij^h teinpenitiire uw*. 

221 

alloys. 189 rt w//. 

•altiininiiim bronze. 79. 1S| 

'barium alloy, 222. 827 
•l>erylliuiii alltiys. 195 
bronze cylinder liner, Isf 
bronzes. 1 78 #•/ tte//. 
carbonyl, 187 
•clad steel plate. l!»5 
eoinape, 222 
•eopj»er alloys. 190 

•tin 4illoys, H»8 
efFwt in eoj>per. 145 

in cop|>er tin bronzes, I0r». 

1 78 r# ftrff. 

, inalU*able. 1 89 d Mrtf. 

ores, 189 

- -platod dtiraluniiti. 02 

- -• plating, 228 rt 

. pro|>ertieH of, 187 
-silvers, 194, 22i» x, #/. 

Ni<rkeline, 202 
Nightingale, S. .f.. .800 
Niobium. prof)ertif*s of. 841 
Nomag, 194 

Non-sparking lironz4*s. 17(i. 187. 8.83 
Northern Ahiminiiim (’oinpanv. 49, 8.5. 

94, 98 
Nylon. 417 

O. \k-tan.nkh leather, 882 

( libimpregnat/ed bearings, 200 
Onion's metal, 814 
Oseillith n?silietit bush. 459. 400 
Osmiiiin-platiniiin contact alloy. 824 
0xide-eoate<l pistons. 84 

Pacz, ,84 

Paint, aluiiiiiiiiini. 81 
Pallmliutn, 345 

contact alloys, 322. 324, 820 
•copper alloy, 320 ! 

t n 


Permalloy, 194 

Permanent plasticMty in bearing metals, 
229 

Perspex, 880, 891 

Pc^trol engine aluminium castings. 7K 

et tteq. 

magnesium alloys, 1 20 

i't Mfq. 

Pewters, 296, 320 

Phenol -formaldehyde plastics, 393 
Phenolic n^siri abrasive wheels, 358 
Phosphor bronze, 146, 167 c/ neq. 
l>earing metal, 242 
, c'old working effect on, 1 68 

, high tin, 169 

, moc'hunical proj>ertiea cif. 

169 

wires. 168 

<‘opper brazing alloy, 312 
PhosphoruK f*ffect in copper-tin hronz***^ 
165 

Pliysical proj>erties of aiuminiura, 22 
, aliiminiurn-bronze, 171 

- - , . copper alloys, 37 

. Bakelite hearing material. 
261 

. l>earing metals. 241 
. hnvsses. 149 
-. (ropper, 137, 139 
. duralumin, 60 
. Kektron, 112 

,(51.E.C. heavy metal, 319, 

320 

— , glasses, 376 

— , Inconel, 216, 217 
, K-monel, 21,8, 214 
, lead -tin solders, 299 
. iimgnesiuin, 102, 103 

. alloys. 10.5, 121 

, micas. 384 

, Monel metal, 204 
. nickel, 190 

— ^ bronzes, 184 

— ^ -copper alloys, 202 

, non-ferrous metals, 3 

, plastics, 390. 391, 392, 894. 

395, 398, 410 
, iM>rcelains, 386 

- - , R.R. alloys, 64 

_ .rubber, 430 

- , Y-alloys, 31, 64 

Pilling, N. B. and Kihlgren, T. K., 166 
Piston, alloy, temperatures, 14 

, ahnniniiim alloys, 15, 16, 64. 65, 

66 H i*eq. 

Pistons, desigtis of, 78 

, oxide-coated, 84, 86 

Planing ahiminiiim aUo 5 rs. 94 
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KNCUNEKRINM MATERIALS 


IMiuitic bearing metals, 236 

-bonded ply womb 412^ 417 

bronee, 163* 

materials, 389 <7 seq. 

Platinum, 322, 323, 345 

contact alloys, 322 ei aeq. 

— — -copper, 323 

.gold-ailver, 324 

<iridium alloy, 222, 323, 324, 327 

-rhoiiinm, 32,5 

-silver, 324 

Plexiglas, 391 
Plumbers’ solder. 298 
Plunger mould, 402, 404 
Plywoods, plaatic-bondtHl, 4 1 7 
Polishing aluminium alloys. 97 

magnesium alloys, 134 

Polystyrol, 389, 391 
Polyvinyl, 389, 391 
Porcelains, pro|>erties of. 38,5 
Positive flash mould, 402 
Potassium fluoride, inagiH^iuin [jrotcc- 
tion method, 122 
Powder metallurgy. 255 t t .st q. 
Precipitation heat -treatment, aihiiitin- 
ium alloys, 45, 47, 54, 55, 63, 67, 71 
Pressings, aluminium alloy. 91 
Pressure die-castings, 265, 269, 286 
Pressures, l>earing (s<h* Hearing pres- 
sures) 

Price, W.vB., 141 
Prince’s metal, 32o 
Proof stress, 0*1 6 

-- — and corrosion, 83 

Protection against <‘oiTosion, 82. 83, 
86 et aeq., 122 et 

Protective coating prc'fmrations. 90, 122 
Pump, centrifugal, niblM^r-limMl. 452 
Punches, for fibre sheet, 373 
, locating alloy for, 317 

Quartz, ,347, 385 
Queen's metal, 320 

Radiator grilles, die-cast, 279 

, riibl>er mounting, 450, 451 

R.A.E. magnesium alloy protection 
process, 123 
Randolph, 1). W., 223 
Reaction s^^ldering. aliiininittrn iilloys, 
98, 99 

Reaming aluminium alloys, 96 

magnesium alloys, 132, 134 

Red brass, 146, 147 

Reduction of area (sec Mechanical 
properties) 

H^ectors, rhodium -platfsJ, 347 
Reinforced plastic materials, 412 «eq. 


I Reininger, K., 115 
; Relt, 368 

i Reynolds Tube Co., LUI., 10 
I Rhodium plating, 346 

i — platinum contact alloy, 325 

, properties of, 346 

Riveting magnesium nllov shtn^t parts, 

! 127,128 

I Rivets, nluminium alloy for, 43 
: Rolls Royce bearing metals, 247 

— : , Ltd., 66 

Roseiihaiii. W. aiul Archbutt, S. L., 38 
and Lantsbury, 173 
Hose’s metal, 314 

Royal Aircraft KHtablishmeiit, 418, 419 
: H.K. alloy l>earing metals, 246, 247, 24s 
alloys. 7, 8. 11, 12, 15. 16. 17. .52, 
66 #7 st q., 24t». 284 
Hublwr acccleratoi*s. 425. 431 
ap{>licatioiis, 439 i t srq. 

. artificial, 435 ft siq. 

, a.s.sociatetl products. 451 
bearings, 2l>4. 454 
Inciting. 452 

-bonded metal, 455 it /<fq. 

. cellular, 460 
<*ompounds. 425 ft srq. 

. conduiding, 427 
. cre|M», 425 
. crude, 426, 43n 
engine mountings. 442 // siq. 
filling materials, 426 
(•rowers' As-sociat ion. 429, 449 
liose, 452 

, hysteresis effort of, 434 
latex, 425 

linings for pumps. et<-.. 4.52 
mtwhiiiery in.sulatioii, 453 
, machining of. 435 
motor tyre.s, 429 
, proiKTties of, 430 
piinfu’ation, 426 
, reclaimetl, us«*s of. 427 
softness, 427 
. spougfN 460 

springing systems. 445. 4 4t», 4 47. 

448 

steel spring bushes, 459 
. synthetic (se<» Rubbf'r, artiticial) 
, vulcanisation r»f, 428 
, vulcHiii7.c<l, 429 
wearing propcrti«*s. 451 
Rubbing speeds, in Immi rings, 226, 22S. 

229, 243. 251.262 
Hiissetl, 295 

Ruthenium-platinum <‘oritfWt alloy. 324 
: Hafkty glass, 377, 391 
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Salt water tipray tent, H2 
Sand as abrasive, 3fto 
Siiran, 417 
SarKont, (i. J., 341 
Sargent's solution, 34 1 
Satco bearing metal, 240 
Sawing nliiininiiiin alloys, 00 
Sebinidt, 121 

Scoop ziiie-coating pnx't^ss, 3oti 
.Screw -<5iitting aluiniiiiuin alloys. !»r» 

-- inagnosiuin alloys, 134 
Season cracking, 13 
Selenium prok^ction priiccss. inagnes 
iiiin alloys, 123 

Self- lubricating bearings, 255 t/ .vcf/. 
Sheet metal inagiu^sium prwsings, 115 
- work, aluminium. 01 
Shellac binding iiiat4M*ial, 35H 
' compouiul, 302 
Sheranli/.ing process, 350 
Shrinkage cavith^s, 2SK 
Shrinkages, dii'-castings, 277, 2H.S 
, plastic materials, 415 
Si<lerv, A. J,,and Willstrop. ,1. \V. W.. 
00 * 

vSifbnm/,e. 3 1 2 
Silentbloc, 444 
Silfos, 312 

Silicate abrivtive wheels, 358 
Silico-bronxe brazing alloy, 312 
Silicon-aluminium alloy sheet, 41 

bronze, 184, 312 

— -carbide abniaive, 350 

in aluminium alloys, 38, 2 h 3 
in bearing metals. 251 
in magnesium alloys, los 
, properties of, 347 
Silliinanite, 388 
Siluinin, 4<l 

Silver. c<iiitaet alloys, 322 .vif/. 

, eflfeet in IxMiring metals, 251 
, in copj.wr alloys, 144,320 

in inagnesiiim alloys. 104 
. firoperties of, 348 
sohlers, 200. 305. <7 m y. 

. stain-resisting, ,335 
, standard, 32t> 

Silvering li<piid alloy, 310 
Silveroid, 104 

Sintorod ahiminium oxide. 388 
Sloman, H, 105, 332 
Smalley, O.. 158 
Softeners, riihlH^r, 427 
Soldering aluminium and its alloys, i 
i>8 el /»ey. 

aluminium bronze, ,305 
coat iron, 304 
Inconel, 218 


I Soldering Monel metal, 210 

j nickel, 192 

powders, 303 

: Solders, 290 ei fteq. 

‘ antiraonial-tin, 300, 301 

— , bismuth, 310 

, 302. 300 

, cadmium, 300 
-zinc. 301 
, fluxes for. 3<»3 

for elevated teiii|>eratures. ,301 
. bard, 290, 305 
. high inciting point, .300 
, impurities in, 302 
. lead-silver, 301 
, lead-tin, 296 
. pliuTibers*, 298. 303 
. silver, 200, 305 
. soft, 200 rt /f#vy. 

, tin. 208 
, tinman's, 208 
i Solid solution state, 18, 34 
I Solidus curve, nickel -copp<*r, 100 
- line, 10 

I .Solution Vieat -treat merit, 45, 50 el 
! 65.771 

Sparking plug electrode metals. 222. 

223, 327 et mo. 

insulating materials. 380. 

387. 388 

S)x*cific gnivities (sr*o Physical prop- 
erth^) 

strengths of aircraft materials. 
413 

tenacity, 1 10. 124. 412 
Sphinx sparking plug, 387 
. Spinning aluiniiiiuin alloy sluH't. 02 
S|M>nge riiblM^r, 400 

; Spriiiu ralculatioiis. phosphor bronze, 
100 

shackles. 444. 445, 440, 447 
.Springing systems, rnblx^r, 444 et mg. 
Springs, lH»rylliiim - l>ronze, high 
stiiMigtb, 185 

Stampings, aluminium alloy, 04, 72 
. Hakclite laminateii, 407 
. hot bntas, 14S, 1,53 

, niagtu^ium alloy, 1 1 5 rl iteq. 

Stamhml silver, 320 
Steam bnrnzes, 183 

tit tings, Monel metal, 212, 213 
- , niekel broneea for use in, 1 82 
Steatite, 385. 380, 389 
Steel and light allov f'omparisons, <». 7. 
8,9 

applications, aircraft. 10 
St<eering wheel, rubber rim. 450, 451 
j Stereotyi>c. 317, 319 
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SNGINEKRIKO MATERIALS 


Stiifoees of light alloys, 5 et seg. 

of sheet metals, 7 

.to-weight considerations, 5 

Stove-enamelling die-oastings, 28 1 
Strength-to-weight, 5, 401 
Strengths (tensile) at elevated teinpc^rn- 
tures, alumin- 
ium bronze, 
173 

- - ' - brasses, 101 

— , bronzes, 161 

— , copper, 141 

^ alloys, 100 

— , Crotorite bronze 

178 

Inconel, 217,218 

K-inonel, 215 

- - — light alloys, 14, 

15,16,71,73 

magnesium 

sllo>^. 103, 120 
, Monel metal, 

206, 207, 208 

- - - , nickel bronzes, 

183 

- - . nickel-copjwr 

allovs, 199, 

207, 208 

— whitemetals, 230 

Stress-strain curves for rubber, 433 
Structure, magiiesiiun alloy sheets, 1 15 
Styrene resin, properties of, 392 
Super-duralumin, 11, 45, 48, 01 H seq. 
Surface finishes, zinc -base die- castings, 
280 

Sutton, H., 01 

Synthetic resin bonded fabri<* sheet. 4 1 1 

resins, 389 et seq, 

rubbers, 435 et mq. 

Tabl«ttin« mac;hines, 401, 402 
Tanks, fuel, in magnesium alloy, 122, 
126, 127 

Tantalum, properties of, 349, 350 
Tapping aluminium alloys, 95 

magnesium alloys, 132, 134 

Tapsell, H. J. and Bradley, J., 208 
Tellurium-lead, 343 
Temper-hardening brasses, 160 
— — of brasses, 154 
Temperature effect, bearing metals, 230 

on hardness, 17, 71 

on metal properties, 14, 16, 

16, 3b, 71, 73, 103, 120, 
141, 160, 161, 162, 173, 
178, 183, 200 

► on strength of aluminium 

wire, 30 


! Temperature of aluininium alloy cylin- 
I dor, et<i., 14 

j - - ranges for working beryllium 

I bronzes, 187 

j Temperatures, age-hardening (see Ago- 
hardening) 

I Tempering bath, alloys for, 315 
I Tensile strength (see Mechanical prop- 
! erties) 

; Terne sheets, 343 
Tests, unsplintorablo glasH, 380 
Toxolex, 424 

Thermal conductivities of inetais, tabu- 
lated, 137 

i conductivity, bearing metal, 

I 230 * 

properties, metals and alloys (see 

Physical proix^rtios) 

Thermite welding process, 32, 33 
Thermo-couple pyrometers, 20 1 

-plfistic materials, 389, 392, 393 

-setting materia Is, 389, 394 

Thcnnostatic metal expansion coerti- 
cients, 329 

- - ' metals, 328 et seq. 

Tliin whitemetal lined bimriiigs. 236 
I Thiokol. 375, 435, 438 
; Timms plastic moulding prr.>eess, 421 
i Tin-base bearing metals, 233 et aeq. 

die-casting alloys, 274 

-bismuth low melting point alloy, 

316 

-cadmium low iiioltiiig point 
alloy, 316 

• lead- bismuth alloys, melting 
points, 315 

! , proj>erties of, .350 

- solder, 298 
I Tinuian's solder, 298 
Tools. jna<‘hining, diamond, 365, 364i 
Torsional strength, Moni'l metal, 208, 
209 

ToughenfHl glass, 380 
' Tri-fubricatetl automobile bearings. 
237 

Tripoli, abrasive, 360 
‘ Tubes, fibre, 372 

I , silver alloy, 348 

j Tungsten contact allovs, 323, 324 

: ^ , properties of, 351 

I sparking plug electrwies, 827 

’ Turbine blades. Monel metal, 212 
I Turner and Murray, 318 
Turning aluminium alloys, 93 

I Bakelite laminated, 409 

! magnesium alloys, 133 

j pistons, diamond tools, 365, 366 

1 Typemetals, 273,317, 318 
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Ukdkkwatkh bearings, 264 
ITren-fonmildehyiie i^astins, 39.‘i 

Vai.vk fa<;itigH, nickel bronze, 180 

seating bronze inserts, 77, 7 if 

- — Monel inserts, 212 

rings, 77, 79, 212 
Vaumlium, propertitw of, 352 
V^auxhall engine inoiuiting, 442, 443 
Vonwrs, plastic. bonded, 417 Htn^. 
Verre-dur-glass, .375 
Vidal moulding ])roeeHH. 421 
Vinyl (chloride a(’etatt< rosinM, 302 
Vitrified abrasive wheel, 358 
Vulcanite, 428 
Vulcanization, ndjlaM*, 428 
VulcanizfMl rublier, abrasive wheel, 358 

Waunkk’s metal, 320 
Water absorption, plastic matertals, 
415 

\\'»*ar n'sLstaiMH' of bearing iiietalK. 220, 
227 

tests, bearing metals, 245 
W’eights (see Physical properti<»M) 
of die-castings, 285 
of non-ferrous metals, 3 
, strcMigths and stifrn(»sst*s, 7 
Welding aluininiiim alloys, 97 
magnesium alloys, 1 29 
Monel m^tal, 210 
nickel, 193 

, 'fhormite process, 32, 33 
WluM'Is, aircTaft, magnesium alloy, I2S 
, automobile, magnesium alloy, 
124 

Whitby, 121. 123 

W'hitfMnetala, for bearings. 227, 230, 
232, 233 et scq. 

Wiggiii, H. Jk Co,. Ltd.. 19tl, 192. 204, 
209, 331 

Wileo thermoiiietals, 3,30. 331 
Williams, K. A., 437 
Williams, H,, 322 
Wilm, 34 
Wilinil, 40, 79 


’ Wing, aircraft, construction, 10, 13 
‘ Winkler, Dr., 433 
I Winter, D. B., 115 
Wire, aluminiurn, 29, 30 
, copper -cadmium, 144 

drawing dies, diamond, 367 

; , Monel metal, 206 

, nickel -copper, 198 
’ , phosphor bronze, 169 

I Wist), K. M. and Eash, J. T., 325 
WootPs metal, 314, 316 
VV'orking inalloahle nickel, 192 
Wright “Cyclone” engine cyliialer, 79 
Wrought alurniniiiin alloys, 45. 50 
j se^., 64. 65, 71 e4 »eq. 

‘ - magtu)sium alloys, 115 

; XYLONiTt:. 362 

V*\ixov, 1.5. 45. 54, 72 H ««/.. 2s4 
5'ellow metal. 147. 153 

Zamak, 275 

Zinc alloy die-castiugs, 274 e/ 
dies, 354 
wire*. 354 

, nickel -^4 

-aluminium hearing uietal. 24K 
-base bearing metals, 240 
<lie-<‘astiiig alloys, 274 
, -(•hn>matc proit'ctivi* pigment. 

90. 122 

•coated metals, corrtKsion proles-, 
lion. 82 

effect in soldei*s, 3o2 
etpiivalents in c*op])er-/.ine alloys, 
157 

in ahirniniuin alloys, 37 
in ropi>er-tin bronzes, 1<»6 
in magnesiiun alloy.s, 107 
-leati low melting |K)int alloy, 316 
. properties of, 353 
.ronetl,354 

Zipper magnesium alloy wheel. 124 
, Zirconium. pro|H'rtie8 of, 357 




ESSENTIAL METALLURGY FOR ENGINEERS 

Hy A. C. Vivian, 13. A., D.Sf.. .Ahhoo.R.S.M., M. Inst. Mol. Gives a short 
aceount of the (rKHcntinlH in inoclorn control over tho propf^rties of inetnllie 
rnatorialH. It aims at the correct, coinploto, but easy, un<ler.staiulin^ by 
technicians of tho tlivenio metallic alloys of onginiH^ring ; themes of major 
interest to enj^ineers ha\ c prevailecl in it. uial simplifications are its strong 
features, including a unification of all ‘’heat treatment” into one HysU»m 
which safely hrinjrs the eornpleK matter within thc^ reach of all. $8. 6d, net. 


MECHANICAL TESTING OF METALLIC MATERIALS 

With Special Reference to Proof Stress. 

I3y H. A. Hkaumont. 'I’his jiractical ami ufj to-ilate book jzivos all the 
information i(M)uir<»cl b> tlu>s€^ enga^jed in tho eairying out of the routine 
ti'st railed for in the llriti'<h Staiulard Specifications for aircraft maWrials. 
fS. 6d. n<‘t. 


MATERIALS OF AIRCRAFT CONSTRUCTION 

lly h\ 'I'. K. H M.I.Ac.K. 'Thi^ prae-tical book embrar*cs the 

complete range <if niat<Tialf* us<m| in the niod(‘i!i prac tice of aeronautical 
<*ngin<M*ring. It discusses each iiiat<*rial from the point of view of its 
.special properties, treatment, and applications for aircraft purpo.ses. 

net. 

PANEL BEATING AND SHEET METAL WORK 

liy SiiiNKN' riNMCii. 'I’his thoroughly practical guide to handwork in 
sheet metal can he n‘coinmended to all wh(» are interested in this hram h 
of metal vNork, particularly in tlu* mot<»r and aero tmdes. It is profu.s^Oy 
illust lated, and < onfains a full glossary <»f techni<‘al terms, together with 
a hihliographv. 4s. net, 

i'HE MECHANICAL TESTING OF METALS AND 
ALLOYS 

fly P. PifrJLU Ko.stf:k, H.Sc.. M.S**.. A.M.I.Mech.K. Ih'scnbes th<" prin- 
eipal types of testuig iMjuipm<‘nt. tluar method of use, an<l the tlieorx 
undtTlying modern development.^ 18s. net. 

THE WELDING OF CAST IRON 

By the Oxy-Acetylene Process. 

Hy b. Tihbknham, .M.I .Mecdi.K. Sueh subjects as gases einploye<l, 
varieties of generator plants, coniposition of weltling rods and fluxes, 
vital facts in the inctalhiig.> of cast iron ivlating to welding, and method.s 
of pre-heating are competently dealt with. The process of low- tempera- 
tint? w'olding of cast iron is fully e.Kplaine<l. as well as bronze wekliiig 
and its many uses 5s. net. 

'Ar Write for a copy of the complete list of 
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MAGNESIUM 

Its Production and Use 

By Ernest V. Pannki^l, M.I.A.K. A prsotical and up-to-date 

treatise of the subject. Describes the various treatments of magnesium, 
from an industrial viewpoint. Industrial chemists, aircraft manufacturers, 
m^bers of the photographic trades, and all chemistry students will 
find the book invaluable. 12s. 6d. net. 


AIRCRAFT MATERIALS AND PROCESSES 

By George TPitterton, Formerly Asaoemte AeronauticeU Engineer^ 
United St€itee Naval Ina’pection Sermee, Gives the essential information 
on materials and processes used in the construction of aircraft. 15 t. net. 


INDUSTRIAL PLASTICS 

By Herbert R. Simonds. An interesting and coiuprehensivi* stufJv 
of one of the most nourishing modem industries, 'fhe book will make n 
strong appeal to all whose work brings them into contact with some 
phas«' of the plastics art. 22l. 6d. net. 


METALLURGICAL AND INDUSTRIAL RADI0L()(;Y 

By Kenneth 8. Low, Amociate of the. Hoyal School of Minea, 
CoriMulting MetallunjiMt to Commercial AC- Eaysy Ltd,^ etc. An iiidisj>»'us«blc 
book for metallurgists, radiologists, welders, moulders and others con- 
cerned with mtRiern aspects of metallurgical and iiuluHtrinl n'seareli and 
practice. 7i. 6d. net. 


DESIGNING FOR MASS PRODUCTION 

An Introduction. 

By d. R. Fawcett, B.Sc., A.M.l.Mtnjh.E. 'ihiis book prejf»*iitH a fund 
of indispensable knowledge, relating*^ to the latest incfluxls in design 
which have been necessitated by the rapid inereasin in the number of 
light mechanical articles manufactured by mass production prtwesscH, 

iSs. 8d, net . 


ELECTROPLATING 

A Survey of Modem Practice, including Nickel, Zinc, Cadmium, 
Chromium, and the Analysis of Solutions 

By S. Field, A.H.C.Sc., and A. Dudley Weill, Technical hirertot . 
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